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ABSTRACT 
 
Mycoviruses are a specific group of viruses that naturally infect and replicate in 
fungi. Aspergillus fumigatus, an opportunistic pathogen causing fungal lung diseases 
in humans and animals, is recently shown to harbour at least three different types 
of mycoviruses. RNA silencing mechanisms exist in fungi against mycoviruses and it 
is also known that A. fumigatus encodes all the proteins involved in RNA silencing, 
including Dicer and Argonaute homologues. Therefore, it is anticipated that small 
interfering RNAs (siRNAs) are generated and silencing of viral dsRNAs occurs as seen 
with other mycoviruses. This study compares the gene expression levels in isogenic 
lines of virus-free and virus-infected A. fumigatus. Eight different genes that play a 
role in RNA silencing were selected and analysed by quantitative PCR in order to 
determine whether the expression levels of these genes correlate with virus 
infection. To further evaluate the potential existence of siRNAs, small RNA profiles 
of virus-free and virus-infected isolates were compared using next generation 
sequencing. Virus-derived siRNAs were detected in the presence of three A. 
fumigatus virus infections. Moreover first miRNA-like candidates in A. fumigatus 
were identified. Additionally, the effects of mycoviruses on the pathogenicity of A. 
fumigatus were assessed using larvae of the greater wax moth Galleria mellonella. 
A. fumigatus uncharacterised virus was found to cause mild hypervirulence in A. 
fumigatus.  To our knowledge this is the first study reporting the small RNA profiles 
of A. fumigatus isolates and also the interaction between mycoviruses and virulence 
of A. fumigatus. 
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1.1. Aspergilli 
Aspergillus is a genus in the phylum Ascomycota, kingdom Fungi. Aspergillus species 
(spp.) are universal and ubiquitous in nature, and are usually found as saprophytes 
in soil, decaying vegetation, seed and grains (Pitt, 1994). Aspergilli were first 
identified by Pietro Antonio Micheli in 1729 and about 250 spp. have been 
identified since that time (Klich, 2006). Members of this genus are aerobic and can 
survive in all oxygen-rich environments however they usually grow as moulds on the 
surface of their nutrition source (Bennett, 2010). 
Aspergillus spp. are currently classified into four subgenera including nineteen 
sections based on their morphological and physiological features (Houbrauken et 
al., 2014). Aspergillus spp. are important medically and commercially. For example 
A. niger is used for the production of citric acid (Curie, 1917) and A. terreus is used 
for production of kojic acid (Ruijter et al., 2002). Some species such as A. oryzae and 
A. sojae play important roles in fermented foods in terms of texture, aroma and 
superior digestibility (Abe & Gomi, 2008). Regarding medical importance, A. terreus 
is used in lovastatin which is a cholesterol lowering drug (Bennett, 2010). Besides 
providing advantages in biotechnology, members of this family are associated with 
some negative conditions such as mycotoxin production, causing hypersensitivity or 
having a history of pathogenicity (Houbrauken et al., 2014). While A. fumigatus is an 
important pathogen with the capability of invading lungs, other Aspergillus spp. 
such as A. terreus, A. niger, A. clavatus, A. niveus, A. nidulans and A. flavus can also 
cause severe infections in humans and animals (Pitt, 1994; Soubani & Chandrasekar, 
2002).  
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1.1.1. Aspergillus fumigatus 
A. fumigatus is not grouped in the most prevalent fungi in the world however it is 
one of the most common fungi in the atmosphere (Mullins  et al., 1976; 1984). In 
1863, A. fumigatus was first described by Fresenius from the bronchi and alveoli of 
a great bustard (Pitt, 1994).  Previously, it was believed that A. fumigatus was a 
weak pathogen causing allergic diseases such as farmers’ lung however it has 
recently been described as the most important Aspergillus spp. causing infectious 
lung diseases (Latge, 1999; Frisvad et al., 2009). 
In the past two decades, A. fumigatus has changed its importance to scientists and 
has gone from being a saprophytic fungus to becoming one of the most important 
human fungal pathogens (Brakhage & Langfelder, 2002). While it has a fundamental 
role in recycling carbon and nitrogen sources as a saprophytic fungus, as an 
opportunistic human pathogen, A. fumigatus causes severe and even fatal invasive 
aspergillosis in immunocompromised patients who lack immunological defence 
mechanisms against fungal attack (Latge, 1999; Pitt, 1994). While A. fumigatus is 
the main etiological cause of aspergillosis, other Aspergillus spp. are also reported 
to lead to aspergillosis (Houbraken et al., 2014). A. fumigatus can sporulate 
abundantly and every conidial head produces thousands of dry spores which are 
then released into the atmosphere and reach the lung alveoli (Latge, 1999). It is 
known that all humans are exposed to A. fumigatus spores and inhale hundreds of 
A. fumigatus conidia from the environment daily (Goodley et al., 1994; Chazalet et 
al., 1998). 
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1.1.1.1. Morphology and life cycle 
 
A. fumigatus has conidia (asexual spores) blue-green in colour and 2-3 μm in size 
(Pitt, 1994; Latge, 1999). Haploid conidia are produced in chains from a single layer 
of phialides (uniseriate) that forms the conidial head along with vesicle and conidia 
(Latge, 1999; Manikandan et al., 2008). Following conidial production, germination 
starts and formation of mycelia occurs from hyphal cells. This stage is called 
vegetative growth which then initiates asexual development via conidiophore 
formation under desired conditions (Figure 1.1.; Casselton & Zolan, 2002; Lee et al., 
2010b). 
A. fumigatus is a fast growing fungus in the presence of carbon and nitrogen and 
trace elements (Brakhage & Langfelder, 2002). It was reported that A. fumigatus 
conidia can fully germinate in 8 h at 35°C; however, other environmental conditions 
such as pH and nutrients play crucial roles in germination (Manavathu et al., 1999; 
Araujo & Rodriguez, 2004). 
A. fumigatus was accepted in asexual Aspergillus spp.; however, sexual stages of 
sporulation in A. fumigatus have also been discovered and described as 
heterothallic mating (O’Gorman et al., 2009). Moreover, it was also reported that 
mating type has an impact on fungal virulence (Cheema & Christians, 2011).  The 
discovery of a sexual stage in the A. fumigatus life cycle provides the opportunity to 
understand the fundamentals of genome evolution, reasons for the presence of 
different genotypes, virulence and resistance to antifungals (O’Gorman et al., 2009).  
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Figure 1.1. Illustration of the morphologic structure and the asexual life cycle of A. 
fumigatus (adopted from Shapiro et al., 2011). 
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1.1.1.2. Genome and annotations 
The haploid genome of A. fumigatus Af293 strain has been sequenced completely 
and is circa (ca.) 29.4 Mb in size and consists of eight chromosomes together with 
the mitochondrial genome (Nierman et al., 2005). Table 1.1 summarises the current 
feature types of the annotations in the Aspergillus Genome Database (AspGD). 
Comprehensive comparative analyses were also performed with A. nidulans and A. 
oryzae, which revealed that approximately 500 genes were A. fumigatus-specific 
(Galagan et al., 2005; Machida et al., 2005). Interestingly, comparative genomic 
analysis revealed that while a different clinical isolate of A. fumigatus, namely 
A1163, shares core genes which are 99.8% identical at the nucleotide level, variable 
and unique genes are also present (Fedorova et al., 2008).  
With the help of available RNA-seq data belonging to A. fumigatus, annotations 
were modified and updated (Müller et al., 2012). According to the latest 
information at AspGD, from a total number of 9783 protein coding gene 
annotations, only 4.71% were verified and 95.29% still remain putative open 
reading frames (ORFs).  
1.1.1.3. Pathogenicity 
While inhalation of A. fumigatus spores has no adverse effect on normal potential 
hosts, mycelial colonisation is the cause of aspergilloma, chronic necrotizing 
aspergillosis, invasive pulmonary aspergillosis and allergic bronchopulmonary 
aspergillosis in patients with cavitary lung disease, chronic lung disease, 
compromised immune system and asthma, respectively (Soubani & Chandrasekar, 
2002). 
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Table 1.1. Number of feature types annotated in the Aspergillus Genome Database 
(AspGD) per chromosome.  
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Virulence of the fungus is multifactorial and related to its structure, capacity of the 
growth and the ability to damage the host (Abad et al., 2010). There are some 
pathogenicity factors that make A. fumigatus a successful human pathogen. An 
ability of growth at human body temperature is one of the important characteristics 
of A. fumigatus. As A. fumigatus has thermotolerant characteristics allowing 
survival at temperatures ranging between 20°C to 45°C; it can survive and grow 
rapidly at 37°C without requi ring any additional temperature features. The other 
feature that makes A. fumigatus a successful pathogen is producing 2 µm conidia 
that is an advantage in penetrating lung tissue (Pitt, 1994). Putative virulence 
factors of A. fumigatus can be classified as adhesins, pigments, enzymes and toxic 
molecules which have roles in adhering to and penetrating host respiratory 
epithelial cells (Latge, 1999).  
Many investigations have been performed to determine if there are specific genes 
that are responsible for A. fumigatus pathogenicity. Comparative genomic data 
analysis has also been done to reveal genes that differentiate non-pathogenic 
species and are similar to other human pathogens (Tekaia & Latge, 2005). Abad et 
al. (2010) summarised the genes related to A. fumigatus pathogenicity and these 
are shown in Figure 1.2. In the same study, it was emphasised that loss of virulence 
gene function by mutations caused only a small decline in the virulence of A. 
fumigatus as it is so complex and cannot be based on a single factor (Abad et al., 
2010). It was shown that iron has an essential role in A. fumigatus virulence by 
inactivating the genes and determining the defects in virulence (Haas, 2012). 
Recently, it is been reported that zinc homeostasis is crucial for fungal  virulence and 
could be a potential target for future antifungal drugs (Amich & Calera, 2014).  
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Until now, 29 genes by experimental analyses using mutation or knock-outs and 94 
genes by computational analyses were annotated as being pathogenicity related 
genes and these are summarised in Appendix-I.  
1.2. Mycoviruses 
1.2.1. Discovery and general properties of mycoviruses 
Mycoviruses are viruses that naturally infect and replicate in fungi (van de Sande et 
al., 2010; Buck, 1986). Mycoviruses are widespread in all major fungal groups 
including plant and animal pathogenic fungi (Pearson et al., 2009; van Diepeningen 
et al., 2006; van de Sande et al., 2010). Mycoviruses were discovered in the 
economically important mushroom Agaricus bisporus and called La France disease 
in 1948 (Ghabrial & Suzuki, 2009). However, the first report of an isolated fungal 
virus was recorded in 1962 with the presence of three types of viral particles in 
cultivated mushroom, which was the first experimental evidence (Hollings, 1962; 
Ghabrial, 1980). Subsequently, double-stranded RNA (dsRNA) elements in 
Penicillium spp. and Aspergillus spp. were discovered (Border et al., 1972; Ghabrial, 
1980; Buck, 1988). These findings have triggered mycovirus research especially in 
economically important fungi due to their potential to be antifungal agents.  
One of the distinguishing properties of mycoviruses is the fact that they lack an 
extracellular phase in their replication cycle (Ghabrial, 1998). While animal and 
plant viruses have such phases, mycoviruses do not have an extracellular stage and 
this makes them different in terms of classical infection. Therefore, fungi cannot be 
infected by exposure to mycoviruses; rather, mycoviruses need to be transmitted by 
intracellular routes (Nuss, 2011). 
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Figure 1.2. Summary of the factors and mechanisms associated with the virulence of A. 
fumigatus (adopted from Abad et al., 2010). 
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Intracellular transmission occurs in two ways namely via vertical transmission and 
horizontal transmission. While vertical transmission means cell division or conidial 
production, horizontal transmission refers to cell fusion between genetically 
vegetative compatible strains (Varga et al., 1994). Whilst there are no reports of 
direct mycovirus infection of mature fungal cells, it is possible to infect wall -less 
protoplasts with purified mycoviruses under defined experimental conditions 
(Pearson et al., 2009). Despite the absence of an extracellular phase, mycoviruses 
are highly prevalent in fungi (Ghabrial & Suzuki, 2009). Since they are not at risk 
through environmental exposure, several mycoviruses do not encode conventional 
capsid proteins which would protect them against external environmental agents 
(Nuss, 2011).  
Most mycoviruses possess an RNA genome, which is accepted as an evolutionary 
advantage in adaptation via genetic diversity arising from mutations. High mutation 
frequencies are the result of lack of proofreading enzymes during replication and 
this allows diversity in viral populations (Schneider & Roossinck, 2001). Even though 
mycoviruses were discovered relatively recently, it is believed that they have an 
ancient origin (Ghabrial, 2008). Two main hypotheses have been proposed 
concerning the origin of mycoviruses, namely the ancient coevolution hypothesis 
and the plant virus hypothesis (Ghabrial, 1998). While the ancient coevolution 
hypothesis proposes that the infections are ancient and coevolved along with the 
host, the plant virus hypothesis assumes that the source of the viruses is host plants 
for plant pathogenic fungi (Pearson et al., 2009). The coevolution hypothesis is 
based on the fact that mycoviruses lack an extracellular phase of reproduction. The 
interaction between the virus and host is more likely to be ancient as the 
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transmission of mycovirus to the host is only possible via intracellular means. 
According to this hypothesis, it would be anticipated that mycoviruses have host 
ranges limited to closely related species (Pearson et al., 2009). Supporting evidence 
came from investigations on Ustilago maydis virus-H1 (Umv-H1) and Botrytis 
cinerea virus F (BCVF) by proving that both viruses have their own ancestral origins 
regardless of geographical location (Voth et al., 2006; Pearson et al., 2009). 
Moreover, it was also assumed that dsRNA, (+) polarity, single-stranded (ss)RNA and 
reverse transcribing viruses might have emerged from common ancestors as they 
share fundamental properties of replication (Ahlquist, 2006). On the other hand, 
the plant virus hypothesis of mycovirus origin is based on sequence homology and 
phylogenetic relatedness between plant and fungal viruses. However it is also likely 
that mycoviruses have moved from fungus into plants (Pearson et al., 2009). 
It has recently been reported that the evolution of multipartite dsRNA viruses is 
likely to be different from monopartite dsRNA viruses, which could be a crucial 
macroevolution mechanism in dsRNA viruses. It has been suggested that 
multipartite dsRNA viruses are evolved from various monopartite dsRNA viruses 
possibly through genome separation or gene acquisition. In the same study, it was 
also stated that horizontal gene transfer may have occurred amongst dsRNA 
mycoviruses (Liu et al., 2012). 
1.2.2. Replication of mycoviruses 
The mode of dsRNA replication is highly variable amongst mycoviruses. It can be 
conservative as in chrysoviruses or semi-conservative in partitiviruses (Ghabrial, 
2008; Nibert et al., 2014). In the conservative mode of replication, the parental (+) 
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strand is retained in the virion where the virion-associated RNA-dependent RNA 
polymerase (RdRP) synthesises a new (+) strand which is extruded from the virion 
(Ghabrial, 2008). In semi-conservative replication, the RdRP synthesises a new (+) 
strand using the negative (-) strand as a template which is retained in the virion in a 
dsRNA form while the parental (+) strand is released (Nibert et al., 2014). 
Additionally, RNA silencing has become as an important factor affecting replication 
of mycoviruses (Ghabrial & Suzuki, 2009).  
1.2.3. Classification of mycoviruses 
The genomes of characterized mycoviruses are mostly dsRNA or ssRNA (Nuss, 
2011). However there are two exceptions, dsDNA and ssDNA mycoviruses were also 
reported in aquatic fungus Rhizidiomyces and in the plant pathogenic fungus 
Sclerotinia sclerotiorum, respectively (Dawe & Khun, 1983; Yu et al., 2010). 
According to the Ninth Report of the International Committee on Taxonomy of 
Viruses (ICTV), another group of mycoviruses containing ssRNA with reverse 
transcriptase (RT) activity also exists (King et al., 2012). Mycoviruses are currently 
grouped into five dsRNA families, five (+) ssRNA families and two (RT) ssRNA 
families along with the unassigned ssDNA and dsDNA viruses (King et al., 2012). 
Recently, evidence on the existence of (-) ssRNA in fungi has been discovered using 
computational analyses by maximum likelihood phylogeny based on the sequence 
alignment of the RdRPs of existing (-) ssRNA viruses (Kondo et al., 2013). 
Classification of mycoviruses according to their genomic material is summarised in 
Figure 1.3.  
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1.2.4. Effects of mycoviruses on their hosts 
The symptoms of the mycoviruses are mostly described as cryptic (asymptomatic) or 
latent (expressed under specific conditions) infections of their hosts, which do not 
normally lead to any obvious effects (Ghabrial & Suzuki, 2009; Pearson et al., 2009). 
Generally mycoviruses are considered to be associated with the asymptomatic 
infection, but they can also attenuate or enhance host pathogenicity (Nuss, 2005; 
Ghabrail & Suzuki, 2009). Some of these impacts of mycoviruses have been 
observed in Aspergillus spp. (Elias & Cotty, 1996; van Diepeningen et al, 2006; Bhatti 
et al., 2012). 
Hypovirulence, attenuated pathogenicity, is characterised by a reduction in 
conidiation, pigmentation and growth rate (Dave & Nuss, 2001). Reduced 
aggressiveness in fungal pathogenicity in the presence of dsRNA was reported in 
fungus S. sclerotiorum (Boland, 1992), in Botrytis cinerea (Castro et al., 2003; Wu et 
al., 2007) and widely investigated in Cryphonectria parasitica (Choi & Nuss, 1992; 
Hillman & Suzuki, 2004). Accordingly, mycovirus-mediated attenuation of fungal 
virulence, namely hypovirulence, has become more interesting due to its potential 
for the biocontrol of fungal diseases (Nuss, 2005). 
While mycoviruses can reduce fungal growth, such as with the C. parasitica 
hypovirus, mycoviruses may confer hypervirulence, which means enhancement of 
fungal virulence, and provide advantages to their hosts (Choi & Nuss, 1992; Marquez 
et al., 2007). Examples of the beneficial effects of dsRNA mycoviruses to their hosts 
include providing plant heat-tolerance in the presence of Curvularia thermal 
tolerance virus (Marquez et al., 2007) and viral killer systems in the yeasts 
Hanseniaspora uvarum and Zygosaccharomyces bailii (Schmitt & Neuhausen, 1994) 
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and Saccharomyces cerevisiae, where the mycovirus encodes killer-toxins to 
preserve host integrity (Schmitt & Breinig, 2006). 
In studies on mycoviruses present in Phytophthora infestans, which is a potato and 
tomato devastating oomycete, it was found that Phytophthora infestans dsRNA 
virus-2 (PiRV-2) is associated with enhanced sporulation and high aggressiveness of 
the related isolate as compared to virus-free isogenic line. In addition to its effect on 
boosted sporulation, it is considered to be the reason for the revival of potato blight 
(Cai & Hillman, 2013). Another hypervirulent effect of the mycovirus has been 
reported in Nectria radicicola. In this study, increased activity in sporulation, 
pigmentation and high levels of virulence have been shown in the presence of a 6.0 
kbp dsRNA mycovirus (Ahn & Lee, 2001).  Additionally, enhanced fungal virulence in 
the presence of 6.4 kbp dsRNA mycovirus has been suggested in the plant 
pathogenic fungus Rhizoctonia solani (Jian et al., 1997).  
1.2.5. Mycoviruses of Aspergilli 
In the genus Aspergillus, dsRNA viruses are common in asexual species but rare in 
sexual Aspergillus (Varga, 1998; van Diepeningen et al., 1998). Various Aspergillus 
spp. were infected by mycoviruses including a totivirus in A. foetidus (Ratti & Buck, 
1972), totivirus and chrysovirus mixed infections in A. niger (Buck et al., 1973; 
Hammond et al., 2008b; van Diepeningen et al., 1998), a chrysovirus in infected A. 
flavus (Wood et al., 1974) and a partitivirus in A. ochraceus (Kim et al., 2006; Liu et 
al., 2008). Mycoviruses were identified in various Aspergillus spp. with different 
infection rates (van Diepeningen et al., 2008).  
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Figure 1.3. Current assigned mycovirus families and their general properties (adopted 
from King et al., 2012). 
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1.2.5.1. Mycoviruses of A. fumigatus 
Mycovirus infection in A. fumigatus was initially investigated in 61 isolates where 
apparently none of the strains contained dsRNA elements (Varga et al., 1998). 
However, in a recent study at least three different dsRNA profiles were observed 
following screening of >360 A. fumigatus isolates (Bhatti et al., 2012). Two 
mycoviruses nominated Aspergillus fumigatus chrysovirus (AfuCV) and Aspergillus 
fumigatus partitivirus (AfuPV-1) respectively, have been sequenced completely 
(Jamal et al., 2010; Bhatti et al., 2011a). Two further, different dsRNA profiles 
namely those found in the A78 and NK isolates were investigated in this study and 
these are shown in Figure 1.4. Recently, different dsRNA profiles have been also 
reported in a Dutch collection of A. fumigatus (Refos et al., 2013) none of which are 
obviously similar to the ones described in my investigation.  
1.2.5.1.1. Aspergillus fumigatus chrysovirus (AfuCV) 
After the discovery of virus particles in Penicillium chrysogenum strains  in 1970s and 
studies on Penicillium chrysogenum virus (PcV) at the biochemical and structural 
levels, the presence of dsRNA has become noteworthy (Ghabrial, 2008). PcV is a 
type species of Chrysoviridae family comprising a single genus namely genus 
Chrysovirus. The members of the family contain multipartite dsRNA elements 
consisting of four linear, separately encapsidated dsRNA elements (Ghabrial & 
Suzuki, 2009). Virions of this family are isometric and non-enveloped. The structure 
of capsid is arranged in a T=1 lattice with 60 capsid monomers (Ghabrial, 2008).  
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Figure 1.4. Double-stranded RNA profiles of A. fumigatus mycoviruses studied in the 
current investigation. The genome of A. fumigatus chrysovirus consists of four dsRNA 
elements (lane 1). A. fumigatus partitivirus-1 is a bipartite virus whose genome includes two 
dsRNA fragments (lane 2). The dsRNA profiles of the A78 and NK (AfuTmV -1) viruses are 
similar in profile but differ in the molecular weights of the individual elements (lanes 3 and 
4, respectively). White arrows indicate the dsRNA elements of each mycovirus. Lane M 
shows the Hyperladder-I. 
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It is known that members of Chrysoviridae family are infectious in different fungi 
(Soldevila et al., 2000; Covelli et al., 2004; Jiang & Ghabrial, 2004). A new dsRNA 
virus designated Aspergillus fumigatus chrysovirus (AfuCV) was identified in the 
filamentous fungus A. fumigatus. AfuCV contains four linear dsRNA segments 
ranging in size from 2863 to 3560 base pairs (Figures 1.4, 1.5).  
The largest segment of the genome, dsRNA 1, encodes the RdRP and dsRNA 2 
encodes the coat protein (CP) whereas dsRNA 3 and dsRNA 4 encode putative 
proteins of unknown function. It was noted that the 5’ and 3’ untranslated regions 
(UTRs) are highly conserved between the four dsRNA elements. Phylogenetic 
analysis revealed that AfuCV was closely related to PcV and also shares similarity in 
the sequences of the UTRs (Jamal et al., 2010). 
Chrysoviruses are normally latent in their hosts (Ghabrial et al., 2013). For instance 
the chrysovirus Helminthosporium victoriae virus 145S (HvV145S) had no effect on 
colony morphology or growth of infected fungal isolates (Ghabrial et al., 2013). 
However Magnaporthe oryzae chrysovirus 1 (MoCV1), which is closely related to 
Hv145S, was found to be responsible for reduced growth of M. oryzae the causative 
agent of rice blast (Urayama et al., 2010). Moreover, in the plant pathogenic fungus 
Botryosphaeria dothidea, it was reported that co-infection by Botryosphaeria 
dothidea chrysovirus (BdCV1) and Botryosphaeria dothidea partitivirus (BdPV1) 
causes dramatic differences in virulence, phenotype and growth rate of the fungus. 
As horizontal transmission of BdPV1 had no impact on the phenotype and virulence 
of fungus, it was proposed that the hypovirulent effect may have arisen from BdCV1 
(Wang et al., 2014).  
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Figure 1.5. Genome organisations showing putative ORFs and UTRs of three characterised 
A. fumigatus mycoviruses (continuation of the figure and legend is overleaf)  
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Figure 1.5. Genome organisations showing putative ORFs and UTRs of three characterised 
A. fumigatus mycoviruses. (A) Genome organisation of AfuCV (adopted from Jamal et al., 
2010), (B) genome organisation of AfuPV (adopted from Bhatti et al., 2011a) and (C) 
AfuTmV (Kanhayuwa et al., in preparation).  
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1.2.5.1.2. Aspergillus fumigatus partitivirus-1 (AfuPV-1) 
The Partitiviridae mycovirus family characteristically contain a bipartite genome 
consisting of two linear dsRNA elements 1.4 and 2.4 kbp in size (Figure 1.5). These 
two segments are unrelated and are packaged separately. Virions of members of 
family Partitiviridae are isometric and consist of 120 copies of CP as 60 dimers in a 
T=1 icosahedral lattice (Ghabrial, 2008; Ghabrial & Suzuki, 2009; Nibert et al., 2014).  
Members of the Partitiviridae are known to infect plants, fungi and protozoa (Nibert 
et al., 2014). Formerly four genera were described in the family Partitiviridae, which 
were genus Partitivirus, genus Alphacryptovirus genus Betacryptovirus and genus 
Cryspovirus (Ghabrial & Suzuki, 2009; Ghabrial et al., 2011). While members of the 
genera Alphacryptovirus and Betacryptovirus infect plants, members of the genus  
Cryspovirus infect protozoa. However partitivirus taxonomy has recently been 
reorganised based on phylogenetic analyses. According to the new classification five 
genera have been proposed in which genus Partitivirus, genus Alphacryptovirus 
genus Betacryptovirus were replaced with Alphapartitivirus, Betapartitivirus, 
Gammapartitivirus and Deltapartitivirus. Species are also redistributed based on the 
new classification system (Table 1.2; Nibert et al., 2014). 
The presence of satellite dsRNAs in the family Partitiviridae was stated; however 
there is no known biological importance of partitivirus related satellite dsRNAs and 
functional proteins encoded by them have not yet been reported (Ghabrial et al., 
2011).  
In Aspergillus, a mycovirus called Aspergillus ochraceous virus-1 (AoV1) from genus 
Partitivirus found in A. ochraceous has been described (Ghabrial et al., 2011). The 
complete bipartite genome of Aspergillus fumigatus partitivirus (AfuPV-1) has been 
45 
 
sequenced. The two segments of AfuPV-1, dsRNA 1 and dsRNA 2 encode the RdRP 
and CP genes and contain 1779 base pairs and 1623 base pairs, respectively (Bhatti 
et al., 2011a). According to the updated taxonomy, AfuPV is now grouped in genus 
Gammapartitivirus, which has those members which infect ascomycetes (Nibert et 
al., 2014). Partitiviruses are mostly considered to have cryptic effects on their host. 
However, in recent years studies reporting host impact of partitiviruses have been 
accumulating (Nibert et al., 2014). In A. fumigatus, the presence of AfuPV decreased 
growth rate on media; however it had no impact on the pathogenicity of the fungus 
as assessed in a murine model (Bhatti et al., 2011b). In the plant pathogenic fungus 
B. cinerea, it has recently been reported that co-infection by two mycoviruses, one 
of which is a putative partitivirus, resulted in a lower sporulation rate and 
invasiveness into plant tissue (Potgieter et al., 2013). Recently, a hypovirulent effect 
of a partitivirus infecting the plant pathogenic fungus S. sclerotiorum have been 
reported firstly by slow growing and being less virulent on its hosts (Xiao et al., 
2014). Additionally, a novel partitivirus infecting R. solani has been found to cause 
decreased mycelial growth and hypovirulence in rice leaves (Zheng et al., 2014).  
 
Table 1.2. Five new genera of family Partitiviridae (modified from Nibert et al., 
2014). 
Members of the old genera redistributed New genera 
Alphacryptovirus, Partitivirus Alphapartitivirus 
Betacryptovirus, Partitivirus Betapartitivirus 
Partitivirus Gammapartitivirus 
Alphacryptovirus Deltapartitivirus 
Cryspovirus Crypsovirus 
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1.2.6. Fungal defence mechanisms against mycoviruses  
 
In fungi, antiviral defence mechanism occurs at the population level through 
vegetative compatibility whereas it occurs at the cellular level through RNA 
silencing (Nuss, 2011). RNA silencing is described and documented in Section 1.3. 
Vegetative compatibility is a widespread phenomenon in filamentous fungi and is 
considered as a defence mechanism to reduce the chance of transmission of 
mycoviruses or other detrimental genetic elements by cell death (Caten, 1972; 
Smith & Lafontaine, 2013; Zhang et al., 2014). According to this hypothesis, the 
allorecognition hypothesis, heterokaryon incompatibility (het) and vegetative 
incompatibility (vic) genes are present to protect genetic identity (Pal et al., 2007). 
Vegetative and heterokaryon compatibility genes were found in Aspergilli including 
A. fumigatus (Pal et al., 2007; van Diepeningen et al., 2009; Fedorova et al., 2008). 
Recently it has been reported that a vic system in C. parasitica restricts the 
transmission of mycoviruses (Zhang et al., 2014).  
1.3. RNA silencing 
RNA interference is a gene silencing mechanism through which endogenous 
complementary messenger RNA is degreaded by sRNA (Cerutti & Casas-Molano, 
2006). RNA silencing is a major defence mechanism which controls the expression 
of genetic material in a sequence-specific way (Jaubert et al., 2011). It protects the 
genome against invasion by mobile genetic elements such as viruses and 
transposons (Agrawal et al., 2003). It is known that in post-transcriptional gene 
silencing (PTGS) degradation of transcribed RNA occurs by small interfering RNA 
(siRNA), whereas transcriptional gene silencing (TGS) happens via DNA and histone 
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methylation (Nolan et al., 2005).  While RNA silencing has been described in all 
eukaryotic kingdoms, there is no evidence that it occurs in prokaryotes which rather 
have CRISPR-Cas RNA-based immune system against viruses (Catalanotto et al., 
2000; Nakayashiki et al., 2006; Cooper & Overstreet, 2014). 
The repressive activity of dsRNA was first indicated in Caenorhabditis elegans by 
injection of dsRNA (Fire et al., 1998) and after this breakthrough it is understood 
that dsRNA is an important regulator of gene silencing. While it is known that 
dsRNA helps several processes involving post-transcriptional RNA degradation, 
heterochromatin formation and DNA methylation, the mechanism of mRNA 
degradation guided by small interfering (si) RNA is the most well characterized 
(Cerutti & Casas-Molano, 2006).  
As shown in the Figure 1.6, RNA interference is triggered by dsRNAs which are then 
processed into siRNAs by Dicer enzymes. These siRNAs are then incorporated into a 
multiprotein-RNA complex called RNA-induced silencing complex (RISC). RISC uses 
siRNAs to locate complementary mRNA and cleave it endonucleolytically (Meister & 
Tuschl, 2004). The components of the RNA silencing machinery are detailed in 
Chapter 3. 
RNA silencing is a conserved method of activating sequence specific immunity 
against viruses and repeating genetic elements. There are two major lines of 
evidence indicating that the RNA silencing machinery is an antiviral defence 
mechanism in plants and invertebrates. First, siRNAs targeting viral RNAs 
accumulate during viral infection. Second, many viruses encode virulence factors 
which are viral suppressors of the host RNA silencing mechanism (Ding & Voinnet, 
2007). A large proportion of eukaryotic genome can be composed of repeating 
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sequences which are mobile invaders affecting genome function, stability and 
evolution (Buchon & Vaury, 2006). Accumulation of siRNAs against transposon 
sequences were found in plants, insects and fungi, which supports the hypothesis of 
RNA silencing against transposable elements (Llave et al., 2002; Aravin et al., 2003; 
Nolan et al., 2005; Janbon et al., 2010). Particularly, in the fungus Neurospora 
crassa, accumulated small RNAs were against the long interspersed nuclear element 
(LINE)-like retrotransposon Tad which was reported to be silenced via a post-
transcriptional silencing mechanism (Nolan et al., 2005). In A. fumigatus LINE-like 
transposons were found to be located at sub-telomeric regions of the chromosomes 
and belong to the Tad clade of transposable elements (Fedorova et al., 2008; Huber 
& Bignell, 2014). Moreover it was suggested that transposons might impact 
regulation of secondary metabolites which are involved in fungal pathogenicity 
(Huber & Bignell, 2014). Therefore, it is important to investigate host silencing of 
LINE-like transposons in A. fumigatus. 
1.3.1. Small RNA species 
Once dsRNA is recognized, it is processed into 21-23 nucleotide small fragments by 
Dicer and used as guide by Argonaute proteins (Zamore et al., 2000; Filipowicz, 
2005). These small RNA fragments have been demonstrated in several different 
eukaryotes (Hamilton & Baulcombe, 1999; Hammond et al., 2000; Parrish et al., 
2000; Yang et al., 2000; Elbashir et al., 2001).  
A variety of small RNAs have been recognised to date, along with the major classes 
of small RNA namely small interfering RNA (siRNA) and microRNA (miRNA). While 
siRNAs are generated from dsRNAs which are usually derived from transgenes, 
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viruses or endogenous non-coding RNA genes, the source of miRNAs is the genome-
encoded precursor RNAs with stem-loop hairpin structures. Although the sources 
are different, they are both produced by Dicer activity (Carthew & Sontheimer, 
2009). 
In plants, siRNAs, miRNAs, trans-acting small interfering RNAs (tasiRNAs), cis-acting 
small interfering RNAs (casiRNAs), repeat-associated or heterochromatic small 
interfering RNAs (rasiRNAs) and natural antisense small RNAs (natsiRNA) have been 
characterised (Eamens et al., 2008; Schumann et al., 2010). In animals, along with 
siRNAs and miRNAs, germ line specific class of small RNAs namely PIWI-interacting 
RNAs (piRNAs) were characterised, which are 25-30 nt long, mainly function against 
transposons and are produced by Argonautes in a Dicer-independent manner (Kim 
et al., 2009b; Ghildiyal & Zamore, 2009). Here, only the small RNA types found in 
fungi are described.  
1.3.1.1. Small RNA species in fungi 
The term siRNA refers to small RNAs produced from viruses or transposable 
elements by Dicer activity and acting as a host defense in fungi (Nunes et al., 2011; 
Nicolas & Ruiz-Vazquez, 2013). In Table 1.3, small RNA classes identified in fungi are 
summarised. RNA silencing functioning as antiviral defence in fungi was detailed in 
Section 1.3.3. Along with the ones suiting to the general definition of siRNA, in fungi 
particularly in N. crassa, different species of small RNAs with regulatory roles have 
been described (Lee et al., 2009; 2010a).   
The miRNAs were first discovered in C. elegans and have been identified in animals 
and plants, however not yet in fungi (Bartel, 2004; Lee et al., 2010a). In the 
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filamentous fungus N. crassa, high-throughput sequencing revealed a new class of 
small RNAs varying from 19 to 25 nt in size, matching only one strand of DNA and 
mostly located in intergenic regions. These findings indicated the presence of 
miRNA-like genes and the formation of hairpin structures in this fungus. Even 
though they share similarities with plant and animal miRNAs, due to possessing 
different mechanisms they were nominated microRNA-like RNAs (milRNAs; Lee et 
al., 2010a). 
Following the first discovery in N. crassa, milRNAs involved in fungal development 
were reported in the phytopathogenic fungus S. sclerotiorum and the 
entopathogenic fungus Metarhizium anisopliae, respectively (Zhou et al., 2012a, b). 
Recently, the presence and potential role of milRNAs were reported in the 
industrially important filamentous fungus Trichoderma reesei (Kang et al., 2013). On 
the basis of these recent findings about milRNA, it can be predicted that milRNAs 
play significant roles in fungi and that further investigations are needed in order to 
reveal more milRNAs in different fungi.   
In the basal fungus Mucor circinelloides, a new class of endogenous short RNAs 
(esRNAs) have been identified and nominated exonic-siRNAs (ex-siRNAs) since they 
mapped to exons. This class of esRNAs are produced by RdRP-1 and Dicer-like 2 
genes and regulate the expression of target genes. They were not classified as 
milRNAs as no miRNA genes were found in the fungus as grown in this investigation 
(Nicolas et al., 2010). 
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Figure 1.6. Model of the mRNA degradation pathway of RNA interference. The Dicer 
enzyme cleaves long dsRNA to form siRNAs which are guides of RNA-induced silencing 
complex (RISC) to degrade target mRNAs (adopted and simplified from Denli & Hannon, 
2003).  
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Another small RNA species found in N. crassa has been termed QDE-2 (Quelling 
deficient gene-2) associated small RNA (qiRNA). These species have interaction with 
an Argonaute protein QDE-2 and roles in repairing DNA damage. This species of 
small RNAs are approximately 21-23 nt long and mostly have a 5’ uridine and a 3’ 
adenine (Lee et al., 2009; Chang et al., 2012). In addition to milRNAs and qiRNAs, 
Dicer-independent small interfering RNA (disiRNA) has been identified in N. crassa. 
Production of disiRNAs does not depend on any known RNA silencing components 
as piRNAs in animals, which suggests an alternative pathway of small RNA 
biogenesis. The disiRNAs are approximately 22 nt long, have uridine at the 5’ end 
and match to the sense and antisense strands of DNA (Lee et al., 2010a; Li et al., 
2010). In the rice blast fungus M. oryzae, methylguanosine-capped and 
polyadenylated small RNAs (CPA-sRNAs) were also discovered and mapped to the 
transcription initation and terminations regions of the coding genes (Gowda et al., 
2010). 
1.3.2. RNA silencing in fungi 
RNA silencing in fungi was first described as “quelling” in the ascomycete N. crassa 
(Romano & Macino, 1992). Since then, RNA silencing has been investigated 
intensely in fungi ranging from saprophytic fungi, industrially important fungi, plant 
pathogens and animal pathogens. Our current understanding of RNA silencing in 
fungi has been largely gleaned from studies on ascomycetes in particular N. crassa 
and C. parasitica.  
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Table 1.3. Summary of small RNA species in fungi (modified from Nicolas & Ruiz-
Vazquez, 2013).  
Function Name Discovered organisms Reference 
Host defense 
 
Small interfering 
RNA (siRNA) 
N. crassa 
 
C. parasitica 
M. circinelloides 
A. nidulans 
M. oryzae 
Rosellinia necatrix 
 
Catalanotto et al., 2002; 
Nolan et al., 2005 
Zhang et al., 2008b 
Nicolas et al., 2003 
Hammond et al., 2008b 
Himeno et al., 2010 
Yaegashi et al., 2013 
 
MSUD-associated 
siRNA  
(masiRNA) 
 
N. crassa Hammond et al., 2013 
Sex-induced 
silencing siRNAs  
(SIS siRNA) 
 
Cryptococcus 
neoformans 
Wang et al., 2010 
Gene 
regulation 
microRNA-like RNA 
(milRNA) 
 
N. crassa 
S. sclerotiorum 
M. anisopliae 
T. reesei 
 
Lee et al., 2010a 
Zhou et al., 2012a 
Zhou et al., 2012b 
Kang et al., 2013 
 
Exonic-siRNA 
(ex-siRNA) 
 
M. circinelloides Nicolas et al., 2003 
QDE-2-interacting 
sRNA  
(qiRNA) 
 
 
N. crassa 
 
Lee et al., 2009 
Heterochromatin 
derived sRNA 
 
Schizosaccharomyces 
pombe 
Volpe et al., 2002 
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As a term quelling defines PTGS which is the equivalent phenomenon of RNA 
interference in animals and co-suppression in plants. It was first discovered by 
transforming exogenous genes responsible for pigment biosynthesis in N. crassa, 
which resulted in albino phenotype instead of over expression (Romano & Macino, 
1992).  
Several RNA silencing mechanisms have been characterised in N. crassa such as 
transcriptional gene silencing (TGS) and meiotic silencing of unpaired DNA (MSUD) 
other than quelling (Fulci & Macino, 2007). Induction of dsRNA up-regulated the 
expression levels of genes involving in RNA silencing proving that the trigger of RNA 
silencing machinery in N. crassa was dsRNA and not siRNA (Choudhary et al., 2007).  
The focus of initial investigations in fungi was to identify the RNA silencing 
components, which had been previously identified in other organisms (Nakayashiki, 
2005; Nunes et al., 2011). In early studies, Dicer and Argonaute proteins were 
discovered in several different fungi including  N. crassa, A. nidulans, M. oryzae and 
M. circinelloides (Galagan et al., 2003; Hammond & Keller, 2005; Kadotani et al., 
2003; Nicolas et al., 2003). Moreover the presence of siRNA as the result of RNA 
silencing machinery was detected in those organisms (Nakayashiki, 2005). 
Interestingly, the Dicer-like proteins identified in budding yeasts possess a different 
domain structure where the helicase and PAZ domains are absent and two dsRNA-
binding domains are present (Schumann et al., 2010). Comprehensive phylogenetic 
analyses in ascomycetes and basidiomycetes revealed that the fundamental 
components of RNA silencing machinery evolved before the separation of major 
fungal lines, which supports ancient origins of the RNA silencing phenomenon 
(Nakayashiki et al., 2006).  
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In M. circinelloides, which is a dimorphic pathogen causing a human disease called 
invasive maxillofacial zygomycosis, an essential role for the DCL-2 gene was 
reported in the formation of siRNAs by transformation of silencing constructs (de 
Haro et al., 2009; Chang et al., 2012). Subsequently, the existence of endogenous 
short RNAs, which were generated by DCL-2 and RdRP-1, was noted in the same 
organism (Nicolas et al., 2010). 
In the rice blast fungus M. oryzae, small RNAs were identified using next generation 
sequencing which mapped to retrotransposons and tRNA loci. It was also reported 
that accumulation of sRNAs was different during growth and development, 
suggesting a regulatory role for RNA silencing (Nunes et al., 2011). Furthermore, in 
recent years, the functionality of the RNA silencing machinery has been tested using 
silencing constructs in plant pathogenic fungi (Nunes & Dean, 2012). 
Although RNA silencing is generally considered as an essential conserved 
mechanism in antiviral immunity, there are also examples of eukaryotic organisms 
lacking RNA silencing machinery. In fungi, the loss is considered to have a role in 
adaptation to environmental conditions (Nakayashiki et al., 2006). Interestingly, it 
was reported that loss of RNA silencing in S. cerevisiae provided advantages in 
terms of protecting the killer system dsRNAs that are beneficial to the fungi 
(Drinnenberg et al., 2011).  
Among Aspergillus spp., functional RNA silencing machinery as antiviral immunity 
was shown in A. nidulans. It was stated that both Dicer and Argonaute genes were 
required for active RNA silencing machinery in the presence of dsRNA (Hammond et 
al., 2008b). RNA silencing as antiviral immunity was first observed in C. parasitica 
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which is a good model since it hosts at least five different mycoviruses (Chang et al., 
2012). 
1.3.3. RNA silencing against mycoviruses 
Mycoviruses can induce phenotypic change by RNA silencing in different ways. If 
host RNA silencing machinery is involved in gene regulation, mycovirus -based 
suppression of RNA silencing could interfere with this process. Also, if there is 
complementarity between a mycovirus-derived siRNA and host gene, normal gene 
expression could be perturbed (Varga et al., 2003; Hammond et al., 2008a). 
Accumulation of virus derived small RNAs are considered to be the inducers of RNA 
silencing resulting in degradation of virus (Yaegashi et al., 2013). N. crassa was 
initially chosen as the model organism for fungal RNA silencing research and active 
RNA silencing against transposable elements were reported (Nolan et al., 2005). 
However the absence of a mycovirus experimental system for this fungus limited its 
use to determine whether silencing also provides antiviral defence in fungi (Nuss, 
2011). 
The first discovery of RNA silencing against mycoviruses was demonstrated in the 
chestnut blight fungus C. parasitica where virus infection cannot be eliminated in 
mutants of RNA silencing components. It was reported that in the presence of CHV-
1 infection, a C. parasitica Dicer mutant was found to be debilitated as compared to 
the wild type (Segers et al., 2007). Further research on the RNA silencing 
mechanism of A. nidulans combating three different Aspergillus mycoviruses 
confirmed the existence of mycovirus-derived siRNA (Hammond et al., 2008a). 
Furthermore, the presence of mycovirus-derived siRNA in C. parasitica and M. 
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oryzae was demonstrated supporting the existence of active antiviral defence in 
filamentous fungi (Zhang et al., 2008b; Himeno et al., 2010). Moreover, a recent 
study investigating the effects of hypoviruses of C. parasitica on RNA silencing using 
dicer mutants revealed that silencing responses were different against four 
different hypoviruses of C. parasitica even though the viruses were 90-99% identical 
at amino acid level (Zhang et al., 2012).  
An increasing number of investigations are focussing on silencing Rosellinia necatrix 
mycoviruses. As a non-natural host model, C. parasitica has been employed in some 
of those studies since it provides mutants of Dicer-like genes. In this experimental 
design using dcl-2 mutants of C. parasitica, R. necatrix partitivirus 2 (RnPV2), R. 
necatrix victorivirus 1 (RnVV1) and R. necatrix megabirnavirus 1 (RnMBV1) were 
investigated and in all mycovirus infections accumulation of viruses were found 
higher in dcl-2 mutants than in wild type C. parasitica (Chiba et al., 2013a,b; 
Salaipeth et al., 2014). These three R. necatrix mycoviruses along with R. necatrix 
mycoreovirus (RnMyRV3) were also tested using exogenous green fluorescence 
protein (GFP) gene, where only RnMyRV3 suppressed GFP silencing and RNA 
silencing machinery in this fungus (Yaegashi et al., 2013). The suppressing effect of 
mycovirus encoded suppressor p29 protein on RNA silencing mechanism was also 
previously reported in C. parasitica (Segers et al., 2006). 
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1.4. Aims and objectives  
The general aim of this thesis is to understand more about antiviral defence in fungi 
by investigating the RNA silencing phenomenon in A. fumigatus. As the mycoviruses 
studied here are dsRNA viruses, it is hypothesised that they might be cleaved by 
potential A. fumigatus RNA silencing machinery. Following cleavage, virus-derived 
small RNAs might target the host messenger RNA and elicit known phenotypic 
changes.  
With this aim, virus-free and virus-infected isogenic lines of four different A. 
fumigatus mycoviruses were investigated in a comparative perspective. Phenotypic 
changes between virus-free and virus-infected strains can be visualised in Figure 
1.7.  
There are 5 chapters of results each stating its own aims and objectives.  
Chapter 3 (Results-1) aims to investigate whether different mycovirus infections 
can alter the mRNA expression levels of the genes involved in the A. fumigatus RNA 
silencing machinery. 
Chapter 4 (Results 2) describes the RNA silencing of A. fumigatus against four 
mycoviruses. 
Chapter 5 (Results 3) proposes to test the effects of mycoviruses on the 
pathogenicity of opportunistic human pathogen A. fumigatus.  
Chapter 6 (Results 4) is in two parts and aims to describe the generation of a 
virus-free isogenic line of the A78 isolate and optimise a rapid detection method for 
A. fumigatus mycoviruses.   
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Chapter 7 (Results 5) aims (i) to determine the source of the small fragment 
(0.5 kbp) of Aspergillus foetidus slow virus complex (AfV-S), (ii) to investigate the 
homology of the viral proteins in order to prove that A. foetidus slow virus-1 (AfV-
S1) and A. foetidus slow virus-2 (AfV-S2) are distinct viruses and (iii) to generate 
clones to initiate the full molecular characterisation of the dsRNA genome of 
Aspergillus fumigatus tetramycovirus-1 (AfuTmV-1). 
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Figure 1.7. Colony morphologies of virus-free and virus-infected A. fumigatus isolates. 
Mycovirus infection may alter pigmentation, sectoring and growth of the fungus. All isolates 
grown on ACM 5 days after inoculation as viewed from the front.  
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Chapter 2 
MATERIALS AND METHODS 
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2.1. General laboratory practice of working with A. fumigatus 
As A. fumigatus is an opportunistic human pathogen, manipulation of the fungus 
was carried out in class-II Microbiological Safety Cabinets (MSC) in The Flowers 
Building, CMMI laboratories. Envair class-II MSC was sterilised by using UV light for 
15 min before and after the experiments and also in between handling different A. 
fumigatus isolates in order to prevent cross contamination. The working areas were 
wiped with fungicidal 10% (v/v) Distel (formerly Trigene) following UV sterilisation 
prior to experimental work and before UV sterilisation when the work was finished. 
While harvesting spores inside the MSC, plastic arm protections were worn to 
prevent any possible adhesion of spores to the laboratory coat.  
2.2. Media and solutions  
All chemicals and reagents used for making media and related solutions were 
obtained from either Sigma or Fisher Scientific unless it is specified.  
2.2.1. Bacterial growth  
Luria-Bertani (LB) media was used to grow competent E. coli (JM109). LB broth was 
prepared using 5g yeast extract, 10g NaCl and 10g Tryptone (or Peptone). Distilled 
water was added to a volume of 1 litre and ingredients were dissolved by stirring. 
Solid LB was prepared with 15g Technical Agar No.3 in addition to these chemicals. 
The solution was then autoclaved at 121oC for 15 min. LB agar was poured into 
sterile the Petri dishes (Starlab, UK) under sterile conditions, after cooling  and 
addition of 1 ml of filter-sterilised ampicillin (100 mg/ml). The plates were then kept 
at 4°C up to 3 months. LB broth was kept at room temperature under sterile 
conditions after autoclaving and ampicillin was added every time before use.  
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2.2.2. Fungal growth  
2.2.2.1. Aspergillus complete medium (ACM) 
Aspergillus complete medium (ACM), a specific medium which provides  all 
essentials for optimum growth of the fungus, was prepared by mixing the chemicals 
listed below and adjusting the pH to 6.5 using 10 M NaOH. To make solid ACM, 1% 
(w/v) Oxoid Agar No.3 was added to the solution. After preparation the solution was 
sterilised by autoclaving at 121oC for 15 min and cooled before inoculation. 
To prepare 1L of ACM broth: 
Adenine             0.075 g   
Glucose      10 g 
Yeast extract        1 g 
Bacteriological peptone      2 g 
Casamino acids       1 g 
Vitamin solution              10 ml 
Salt solution               20 ml 
Ammonium tartrate (from 500 mM stock)           10 ml 
Sterilised distilled water                                up to 1000 ml 
Aspergillus salt solution was prepared by mixing 26 g of KCl, 26 g of MgSO₄. 7H₂O, 
76 g of KH₂PO₄ and 50 ml of trace element solution with sterilised distilled water up 
to 1 litre. The solution was kept in fridge after adding 1.5 ml/L of phenol as a 
preservative. 
Trace element solution was prepared by adding 40 mg of Na₂B₄O₇.10H₂O, 400 mg of 
CuSO₄.5H₂O, 800 mg of FePO₄.2H₂O, 800 mg of MnSO₄.2H₂O, 800 mg of 
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Na₂MoO₄.2H₂O and 8 g of ZnSO₄.7H₂O to a volume of 1 litre of distilled water. The 
solution was sterilised by autoclaving and stored at 4°C. 
The vitamin solution was prepared by mixing 400 mg of PABA (4-aminobenzoic 
acid), 50 mg of aneurin (thiamine), 1 mg of biotin, 24 g of inositol, 100 mg of 
nicotinic acid, 200 mg of DL-pantothenic acid, 250 mg of pyridoxine 
monohydrochloride, 100 mg of riboflavin, 1.4 g of choline chloride and dissolving 
them in 1 litre of distilled water by stirring. It was autoclaved, wrapped in 
aluminium foil to prevent photo degradation and stored at 4°C.  
2.2.2.2. Aspergillus minimal medium (MM) 
AMM broth was prepared by mixing 10 g of D-glucose and 20 ml salt solution with 
up to 1 litre sdH2O and adjusting the pH to 6.5 using 10 M NaOH. To make solid 
AMM, 10 g Oxoid Agar No.1 was added to the solution. After preparation the 
solution was sterilised by autoclaving at 121oC for 15 min and cooled before 
inoculation. 
2.2.2.3. Selection medium  
Selection medium was prepared with 10 g of D-glucose, 10 ml of vitamin solution, 
342.3 g sucrose, 10 ml of 500 mM ammonium tartrate and up to 1 litre sdH2O. After 
preparation the solution was sterilised by autoclaving at 121oC for 15 min and 
cooled before inoculation. 
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2.3. A. fumigatus techniques 
2.3.1. A. fumigatus strains and growth conditions 
All A. fumigatus strains of interest were inoculated onto 25 ml of solid ACM from 
50% glycerol stocks which were kept at -20 °C (Table 2.1). From each glycerol stock, 
20 µl of sample was taken and inoculated onto ACM plates by loop spreading. Plates 
were incubated at 37°C for 3-4 days and spores were harvested with a glass 
spreader and 15 ml of sterile distilled water. Spore suspensions were used to 
inoculate 500 ml of ACM broth. Inoculated bottles were incubated at 37°C with 
shaking at 130 rpm. After 5 days, mycelia were harvested using sterile Miracloth 
(Merck), rapidly frozen in liquid N2 and kept at -80°C until processing. 
2.3.2. RNA extraction 
2.3.2.1. Total RNA extraction 
TRIzol® reagent (Invitrogen) was used for the extraction of RNA from lyophilised 
tissue (Chomczynski & Sacchi, 2006). Before starting experiments all materials were 
rinsed with Di-ethyl pyrocarbonate (DEPC)-treated water and wiped with RNAzap 
(Ambion). All procedures were carried out in a safety cabinet and tissue samples 
were kept in liquid nitrogen throughout. Tissue was ground using a mortar and 
pestle and a maximum of 100 mg of tissue was processed at any one time to ensure 
efficient isolation.  
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Table 2.1. A. fumigatus strains investigated in this study. 
 
Nominated 
name 
Fungal 
strain 
Genotype Phenotypic 
properties 
Source Reference 
 
A78-free 
 
15 
 
A78 virus-free 
isolate obtained 
by mycovirus 
elimination. 
 
 
Dark green 
  
 
This study 
Laboratory 
isolate 
 
- 
A78-infected  A78  Virus-infected 
isolate 
Dark 
green/white, 
sectored, fastest 
growth on solid 
media 
 
Clinical 
isolate 
Bhatti et al. 
(2012) 
CV-free A56-C Chrysovirus-free 
isolate obtained 
by mycovirus 
elimination. 
 
Dark green 
  
Laboratory 
isolate 
Bhatti et al. 
(2011b) 
CV-infected A56  Chrysovirus 
infected isolate. 
Dark green – 
white, sectored 
Clinical 
isolate 
Jamal et al. 
(2010) 
NK-free NK125 Af293 strain virus-
free isolate 
obtained by 
mycovirus 
elimination. 
 
 Dark green 
  
This study 
Laboratory 
isolate 
Kanhayuwa 
and Coutts 
(unpublished 
observations) 
 
NK-infected  Af293 Wild type strain 
originally infected 
with virus. 
Dark green – 
white, sectored 
Professor 
Nancy 
Keller-
clinical 
isolate 
 
Bhatti et al. 
(2011b) 
PV-free Af237y  Yellow isolate;  
partitivirus-free. 
Yellow, slowest 
growth on solid 
media 
Clinical 
isolate 
Aufauvre-
Brown et al. 
(1998)  
PV-infected 88PEG#8 Partitivirus 
transfected 
yellow isolate. 
 
Yellow - white 
  
Laboratory 
isolate  
Bhatti et al. 
(2011b) 
Δpaba Δpaba Δpaba Yellow 
No growth on 
AMM 
Dr Elaine 
Bignell  
Brown et al. 
(2000) 
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Ground tissue samples were put into 2 ml Eppendorf tubes and placed in liquid 
nitrogen to avoid thawing. Then 1 ml of TRIzol reagent was added to the tubes 
containing tissue powder, which were mixed well and allowed to stand at room 
temperature for 5-10 min. The TRIzol-tissue mixture was then centrifuged for 10 
min at 8,000 rpm at 4°C. The supernatant was transferred into a new tube and 200 
ml of ice-cold chloroform was added. After vortexing, centrifugation was repeated 
as above and the supernatant subjected to a second extraction with chloroform. 
Following vortex mixing and centrifugation for 10 min at 8,000 rpm at 4°C, phases 
were checked to confirm that they were separated clearly without any interphase. 
The upper phase was transferred into a new tube and RNAs were precipitated by 
adding 1 vol (400-500 µl) of isopropanol and incubating at room temperature for 10 
min. Precipitated RNAs were pelleted by centrifugation for 30 min at 8,000 rpm at 
4°C. RNA pellets were washed with 1 ml of 70% ice-cold ethanol and re-centrifuged 
as above. An additional empty spin was carried out to remove the alcohol and the 
pellets were air-dried for 10 min before resuspension in 50 µl of DEPC-treated 
water and storage at -80°C. RNA concentrations of the samples were measured 
using a NanoDrop 2000C spectrophotometer (Thermo Fischer). Lower and upper 
optical surfaces were cleaned carefully and the machine was calibrated with 2 µl of 
DEPC-treated water. Measurement was done using 2 µl for each sample with RNA-
40 module. RNA integrity was also assessed following agarose gel electrophoresis as 
described in Section 2.4.6.1. Typical pattern of the total RNA on agarose gel is 
shown in Figure 2.1. 
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2.3.2.2. Small RNA extraction 
With the aim of small RNA sequencing, high molecular weight RNAs (HMW-RNAs) 
such as ribosomal RNAs and mRNAs were eliminated either by PEG-8000 
precipitation (Lu et al., 2007) or using the MirVana kit (Ambion). It was necessary to 
separate the high molecular weight (HMW)-RNA and low molecular weight (LMW)-
RNA in order to obtain good quality material for small RNA sequencing since large 
amounts of HMW-RNAs can prevent library construction in some steps and cause 
background noise. To do this, total RNA was isolated using TRIzol as described in 
Section 2.3.2.1. Then, HMW-RNAs were precipitated by adding 50% PEG-8000 to a 
final concentration of 10% and 5M NaCl to a final concentration of 0.5M. This 
solution was mixed well and left on ice for 30 min. After this s tep, HMW-RNA was 
pelleted by centrifugation at 13,000 rpm for 10 min at 4°C. Supernatant including 
LMW-RNAs was transferred into a new tube whereas the pellet was dissolved in 
DEPC-water in order to visualise HMW-RNAs. Then, 2.5 vol of 100% ethanol was 
added to supernatant containing LMW-RNAs and precipitated at -20°C for 3 h. 
Following this step a 30 min centrifugation step was performed at 13,000 rpm at 
4°C and the pellet was washed with 80% ethanol. Finally, pellets were dried and 
resuspended in 20 µl of DEPC-water. As an alternative, small RNAs were isolated 
from total RNA using the MirVana kit according to the manufacturer’s protocol.  
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Figure 2.1. General flowchart of working with A. fumigatus (A) and typical pattern of total 
RNA extracted from A. fumigatus (B). Total RNA was extracted using TRIzol and RNA 
quality was assessed by running 3 µg of RNA on 1% agarose gel electrophoresis stained with 
SYBR Gold. The general profile of total RNA reflects the ratio between 28S and 16S RNAs. 
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2.3.3. Northern blotting 
2.3.3.1. Using non-radioactive labelling  
Northern blotting with non-radioactive labelling was used to detect viral regions 
and carried out using the Northern Starter kit (Roche Applied Sciences) according to 
the manufacturer’s protocol. RNA probes were generated using either T7 or SP6 
RNA polymerase. Transcription reactions were assembled with 1 µg of DNA plus the 
positive control supplied with the kit. RNA transcription was performed using 1 µg 
of DNA, 4 µl of 5 X DIG labelling mix, 4 µl 5 X Transcription buffer and 2 µl T7 or SP6 
RNA polymerase incubated at 42°C for 1h. After incubation, reactions were treated 
with 2 µl of DNase-I supplied with the kit at 37°C for 15 min to remove the template 
DNA. Potential transcripts were checked on 2% agarose gel stained with SYBR Gold 
(Invitrogen) as detailed in Section 2.4.6.1. Serially diluted probes were also checked 
on the membrane by dot blotting in order to validate the DIG labelling procedure. In 
this step, 1 µl spots of serially diluted DIG labelled RNA probes were spotted on the 
Hybond-N membrane and RNA was fixed to the membrane by UV crosslinking. The 
membrane was incubated with 1 X washing buffer (0.1 M maleic acid, 0.15 M NaCl, 
0.3% (v/v) Tween 20) with shaking for 2 min at room temperature. The washing step 
was followed by incubation with 1 X blocking solution (Roche) for 30 min and 
antibody solution (Roche) for another 30 min. Then the membrane was washed 
twice in washing buffer for 15 min each and equilibrated for 5 min in 1 X detection 
buffer (0.1 M Tris-HCl, 0.1 M NaCl, pH: 9.5). After incubation in detection buffer, the 
membrane was placed on a hybridization bag carefully and 1 ml of CDP-star was 
applied on the side where RNA was transferred before the membrane dried. The 
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membrane was incubated for 5 min at room temperature before exposure to the 
imaging device LAS-3000 (Fujifilm) for 10 min at -25°C. Successfully labelled DIG-
RNA probes were visualised as spots on the membrane along with the positive 
control DIG labelled RNA probe supplied with the kit. All buffers used in this 
procedure were prepared using DEPC-treated H2O due to the risk of RNA 
degradation. Properties of probes, conditions of hybridization, cross -linking and 
detection are detailed in related chapters. 
2.3.3.2. Using radioactive labelling  
Detection of small RNAs was performed using P32 labelled oligonucleotide probes as 
non-radioactive labelling methods were not sensitive enough to detect them. 
Labelling was performed using 2 µl of 10 µM oligonucleotide, 4 µl of 5 X Forward 
reaction buffer, 1 µl of T4 polynucleotide kinase (Invitrogen) and 3 µl of P32 (Perkin-
Elmer) in a 20 µl reaction. After incubation at 37°C, reaction then was added to 5 ml 
of PerfectHyb Plus (Sigma) hybridisation buffer in which the RNA transferred 
membrane was prehybridised. Following overnight hybridisation at 37°C, 
membrane was washed twice with 1 X washing buffer (0.2 X SSC, 0.1 % SDS) and 
wrapped with cling film. The efficiency of the hybridisation was checked with Geiger 
counter prior to exposure to phosphor imaging plate (GE Life Sciences) at 4°C for 
overnight. Detection was performed using Typhoon FLA 7000 Phosphor imager (GE 
Life Sciences). Stripping was performed after detection by rotating the membrane 
for at least 2 hours at 90°C in stripping buffer (0.2 X SSC, 0.1 % SDS, 10mM EDTA) 
and checked prior to next hybridisation by exposing overnight. 
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2.4. General molecular techniques 
2.4.1. Preparation of Competent Cells 
In order to prepare E. coli JM109 competent cells, 5 ml of 2 X LB broth was 
inoculated with 1 µl stock E. coli JM109 competent cells (Promega). Cells then were 
incubated at 37°C with shaking for overnight. 50 ml of 1 X LB broth was inoculated 
with 500 µl of overnight culture and incubated for approximately 3 h at 37°C on a 
shaker until the bacterial OD reached 0.40-0.60 at 600 nm. The bacterial culture 
was transferred from the flask to a 50 ml Falcon tube and left on ice for 10 min. The 
cells were then centrifuged at 3,000 X RCF for 10 min (Allegra X-12R, Beckman 
Coulter). The supernatant including LB broth was discarded and the pellet including 
cells was resuspended in 5 ml cold Transformation and Storage Solution (TSS, Table 
2.2). 100 µl aliquots were prepared from the cell suspension and aliquots were 
frozen immediately in liquid N2 and kept at -80°C until required (Chung et al., 1989). 
2.4.2. Molecular Cloning 
Targeted inserts were ligated to pGEM-T Easy vector (Promega) using 50 ng of 
vector, 300 ng of insert, 3 U of T4 DNA Ligase and 5 µl of 2 X rapid ligaton buffer in 
10 µl final reaction volume. Ligation reactions were then incubated overnight at 4°C 
and vector containing the insert was transformed into E. coli JM-109 cells. Frozen 
competent cells were thawed on ice and 40 µl was transferred into a new 
Eppendorf, mixed with 5 µl of ligation reaction and kept on ice for 20 min. Following 
cooling, the cells were heat shocked for 45 sec at 42°C and cooled on ice for 2 min. 
After this step, 900 µl of SOC solution (Table 2.2) was added to the mixture and 
incubated with 150 rpm shaking for 1 h at 37°C. Then, cells were pelleted at 13,000 
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rpm for 20 sec and the resuspended cells spread on LB plates containing ampicillin 
and X-gal solution for blue/white selection. Inoculated LB plates were incubated at 
37°C for 16 h. Recombinant clones, present as white as opposed to blue 
untransformed bacterial colonies, were collected using sterile toothpicks. Each 
colony was transferred into 5 ml LB medium containing 7 μl ampicillin (stock 
solution 0.05 g/ml). The cultures were incubated overnight (12-16 h) at 37°C with 
shaking (150-200 rpm). Up to 20 μg of plasmid DNA was purified from 5 ml 
overnight cultures of E. coli in LB medium using the QIA prep Spin Miniprep kit 
(QIAGEN) according to the manufacturer’s protocol. DNA plasmids, purified using 
QIA prep Spin Miniprep kit (QIAGEN), were digested with appropriate restriction 
enzymes to identify recombinants. The digestion reactions were prepared by adding 
1 µg of DNA sample, 2 µg acetylated BSA, 2 µl 10 X restriction enzyme buffer, 5 U of 
restriction enzyme in a 20 µl total reaction volume which was incubated at 37°C for 
2 h. Following restriction digestion, samples were electrophoresed on 1% agarose 
gel and recombinant clones containing inserts of interest were sequenced using 
Sanger sequencing as described in Section 2.4.7.1.   
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Table 2.2. Ingredients of the solutions used in cloning. 
 
  
 
Name 
 
Ingredients 
 
Sterilisation 
 
Storage 
 
SOC solution 
 
10 ml 1 X LB broth, 200 µl 
2 M Glucose, 50 µl 2 M 
MgCl₂ 
 
 
Autoclaving at 121oC for 
15 min 
 
- 
X-gal 
solution 
 
10 µl IPTG, 20 µl X-gal, 90 
µl H₂O 
Prepared with 
autoclaved solutions 
under sterile conditions 
 
- 
Ampicillin 
 
100 mg ampicillin-sodium 
salt, 1 ml  H₂O 
0.22 µm filter 
sterilisation 
 
In aliquots at -20°C 
IPTG stock 2 g IPTG, 8 ml  H₂O 0.22 µm filter 
sterilisation 
 
In aliquots at -20°C 
X-gal stock 20 mg/ml solution with 
dimethyl formamide 
 
- In dark, -20°C 
TSS 
 
5 ml 2 X LB broth, 1 g PEG 
8000, 0.5 ml DMSO, 0.5 
ml 1 M MgCl2 
Prepared with 
autoclaved solutions 
under sterile conditions 
- 
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2.4.3. Oligonucleotide design 
Oligonucleotides used in this study were designed using the Emboss e-primer tool. 
Sequence specific primers to amplify genes from the A. fumigatus genome were 
designed according to the information provided by the species -specific database 
(Hammond et al., 2008b). For the primers used in efficient qPCR assays, exons were 
specified and exon-exon boundary primers were designed. The lengths of the 
amplicons are limited between 80-250 bp for efficient qPCR. All oligonucleotides 
used in this study are in the corresponding chapters. 
2.4.4. cDNA synthesis 
Complementary DNA (cDNA) synthesis is an important technique for converting 
RNA to DNA using reverse transcriptase. Once cDNA is synthesized, sequence 
specific primers and Taq polymerase are added to make copies of the target region 
as in the standard PCR procedure. 
First strand cDNA was synthesized from DNase-treated RNA samples using the 
Superscript-III first-strand synthesis system (Invitrogen).  Here 5 µg of RNA, 10 mM 
of dNTP mix and 250 ng of random primers along with 6.5 µl of DEPC-treated water 
were incubated at 65°C for 5 min and snap cooled on ice for at least 2 min. Then 4 
µl of 5 X first strand buffer, 0.1 M DTT, 40 U of RNAsin RNase inhibitor (Promega) 
and 200 U of Superscript-III reverse transcriptase were added to the reaction after a 
brief centrifugation. The 20 µl reaction mixture was then subjected to the following 
cycling regime of incubation at 25°C, 50°C and 70°C for 5 min, 1 h and 15 min, 
respectively in a DNA Engine DYAD thermocycler. In an atte mpt to confirm if there 
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was direct amplification from DNA or not, cDNA synthesis was performed without 
the reverse transcriptase enzyme.  
2.4.5. PCR  
PCR is one of the most important methods used in molecular biology which 
provides million-fold copy of DNA template with the help of sequence specific 
primers, MgCl₂, dNTPs and Taq polymerase. 
2.4.5.1. Conventional and Reverse Transcriptase PCR 
Conventional or reverse transcriptase PCR (RT-PCR) was performed using the DNA 
Engine DYAD thermocycler (Bio-Rad) in order to check the oligonucleotides prior to 
qPCR or to generate probes. If the starting material is RNA, a specific type of PCR 
called reverse transcription PCR (RT-PCR) is used to generate amplicons. The first 
step of this procedure is the conversion of RNA to single-stranded cDNA described 
in Section 2.4.4 (Brown, 2010).  
The PCR master mix contained 10 µl of 5 X GoTaq Buffer (Promega), 1 µl of 100 mM 
dNTP mix (Promega), 2 µl of 10 µM forward primer, 2 µl of 10 µM reverse primer, 2 
U of GoTaq polymerase (Promega) and 3 µg DNA or cDNA template in 50 µl 
reaction. No template control including RNase / DNase free water instead of DNA 
was included to each experiment as a negative control. Amplicons were cleaned 
using the Qiagen PCR purification kit according to the manufacturer’s protocol prior 
to cloning and were checked by electrophoresis on 2% agarose gel stained using 
SYBR Safe (Invitrogen). PCR conditions of each product are stated in the related 
chapters. 
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2.4.5.2. Reverse transcriptase quantitative PCR (qRT-PCR) 
In addition to traditional PCR ingredients real-time PCR requires a fluorescent 
reporter which binds to the product formed and reflects the amount of it in order to 
measure expression levels. During the initial PCR cycles the fluorescent signal is 
weak. With the amplification of the product the signal increases exponentially and 
finally levels off due to the saturation. The difference between the calculated 
baseline signal and statistically significant increase over it is called threshold. The 
threshold cycle (CT) is the cycle number at which the fluorescent signal reaches the 
threshold (Kubista et al., 2006). 
As a first step, primer titrations were made for each primer pair to determine the 
correct concentration and the ratio of the primers. It is also essential to assess any 
presence of primer-dimers. Primer optimisations were performed for each gene and 
selected concentrations were used for the main qPCR reactions.  
Standard curve analysis was carried out to demonstrate the decreasing levels of 
expression according to the serial dilutions of the template which gives  a good 
estimate of the PCR efficiency. The cDNA template was diluted 7 times by 10 to 
obtain the standard curve. Ct values were plotted against the logarithm of the 
starting quantity of template for each dilution and the efficiency of the 
amplifications was calculated (Kubista et al., 2006).  
Quantitative PCR assay was performed using SYBR Green I (Invitrogen) as a 
fluorescent dye and monitored using the ABI Prism 7700 system (Perkin-Elmer 
Applied Biosystems). Three biological replicates for eight isolates were carried out 
in duplicate in MicroAmp 96-well plates (Applied Biosystems, USA). CDNA 
concentration of the qPCR reaction was standardised as being approximately 100 ng 
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for each sample. In all experiments appropriate negative controls containing no 
template (NTC) and no reverse transcriptase enzyme (-RT) were subjected to the 
same procedure to detect any possible contamination. Amplicons were also 
electrophoresed on agarose gel to check amplicon size and qRT-PCR process. 
There are two types of data analysing methods for qPCR, namely absolute and 
relative quantification. While absolute quantification determines the input copy 
numbers, relative quantification determines the expression level with respect to a 
reference sample (Livak & Schmittgen, 2001; Pfaffl, 2004; Chini et al., 2007). The 
level of mRNA expression was measured in different isolates of A. fumigatus by 
relative quantification using the comparative 2-ΔCt method (Livak & Schmittgen, 
2001). In this type of analysis, expression level of the target gene was normalised to 
the sample-matched expression level of reference gene using the following 
equation. 
ΔCT= [CT (Target gene)] - [CT (Reference gene)]    Equation 2.1  
 
2.4.5.3. Multiplex RT-PCR 
Multiplex PCR is a type of PCR which provides opportunity to amplify many targets 
of interest simultaneously. In this technique, more than one pair of primers is used 
to amplify different targets in one reaction. Multiplex PCR is a useful tool to detect 
various viruses infecting the same sample (Dai et al., 2012).  
This tool was used to detect simultaneously three different A. fumigatus dsRNA 
mycoviruses. Sequence specific primers were designed for amplification of 
conserved areas within the RdRP gene of Aspergillus fumigatus partitivirus (AfuPV-
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1), Aspergillus fumigatus chrysovirus (AfuCV) and Aspergillus fumigatus 
tetramycovirus-1 (AfuTmV-1). All primers were designed with similar annealing 
temperatures. Specificity of the primers was checked by blasting against mycoviral 
genomes and the A. fumigatus genome. In order to perform multiplex PCR for 
mycovirus-infected A. fumigatus isolates, fungal total RNA was extracted using 
RNeasy Plant Mini kit (Qiagen) and cDNA was synthesised using Superscript-III first-
strand synthesis system as described in Section 2.4.4. Additionally, viral dsRNAs 
were extracted using LiCl extraction (Section 2.5.2) and used as a positive control in 
order to check the efficiency of the kit at extracting viral dsRNAs. Single PCR was 
performed prior to multiplex PCR in order to check the primers and amplicon sizes. 
No template control was included along with the specificity tests consisting of (i) 
the mixture of three primer pairs and cDNA template from each virus, and (ii) the 
mixture of three primer pairs and the mixture of three viruses. The PCR master mix 
contained 10 µl of 5 X GoTaq Buffer (Promega), 1 µl of 100 mM dNTP mix 
(Promega), 3 µl of forward primer mixture (10 µM of each primer), 3 µl of reverse 
primer mixture (10 µM of each primer), 2 U of GoTaq polymerase (Promega) and 5 
µg DNA or cDNA template in 50 µl reaction. Multiplex PCR was performed using a 
program consisting of an initial activation at 95°C for 3 min followed by 32 cycles of 
3 steps including 95°C for 30 sec, 62°C for 45 sec and 72°C for 30 sec and a final 
extension at 72°C for 3 min. The resulting PCR products were analysed by running 
on 2% agarose gel. 
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2.4.6. Gel electrophoresis 
2.4.6.1. Agarose gel electrophoresis 
Genomic DNA, PCR amplicons and viral dsRNAs were examined by electrophoresis 
in 1% or 2% (w/v) agarose gels cast using 1 X TAE (40 mM Tris; 20 mM acetic acid; 1 
mM EDTA) containing SYBR Safe (Invitrogen) or EtBr stain to visualise DNA and 
dsRNA, respectively. In order to examine the integrity of total RNA, 2% agarose gel 
was cast using 1 X TBE (89 mM Tris; 89 mM boric acid, 2 mM EDTA) containing SYBR 
Gold (Invitrogen) to visualise total RNA. The gel was then electrophoresed at 90 V 
for 1 h in appropriate running buffer. Following electrophoresis, the gel was 
inspected using a UV or blue light transilluminator (Invitrogen) and gel images 
captured using a Syngene Bio Imager.  
2.4.6.2. Polyacrylamide gel electrophoresis 
There different types of polyacrylamide gel electrophoresis (PAGE) were performed; 
(i) Native PAGE for cDNA libraries (ii) Denaturing urea PAGE for small RNAs, (iii) SDS-
PAGE for proteins.  
Native polyacrylamide gel (10%) was prepared by mixing 5 µl of 40% acrylamide: 
bisacrylamide (19:1 ratio) solution, 4 µl of 5 X TBE, 10 µl TEMED, 200 µl of 10% APS 
and sdH2O up to a volume of 20 ml. Prepared gel mixture was poured in between 
the glass plates separated by a 1 mm spacer and allowed to polymerise for 30 min. 
Following polymerisation, 10 µl of 5 X TBE loading dye (Invitrogen) was loaded into 
a well and the gel was pre-run for 10 min in 0.5 X TBE buffer in order to confirm 
proper running of the gel system. The cDNA library samples were then mixed with 
the appropriate volume of the 5 X TBE loading dye and loaded to the wells. A 20 bp 
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size marker (Jena Bioscience) was used in 1:10 dilution to predict the size of the 
cDNA library band. The gel was electrophoresed using a mini gel electrophoresis 
system (Bio-Rad) at a constant 120 V until the XCFF blue dye reached the bottom of 
the gel. Following electrophoresis, the gel was stained with SYBR Gold (Invitrogen) 
and library band was visualised using the Bio-Rad molecular imaging FX system.  
Small RNAs and adenylated HD adapters were size fractioned using 7M 16% 
polyacrylamide gel electrophoresis. Denaturing polyacrylamide gel was prepared by 
adding 4.2 g urea, 1 ml 5 X TBE, 4.5 ml 40% acrylamide: bisacrylamide (19:1 ratio) 
solution, 2 ml of sdH2O, 100 µl 10% APS and 5 µl TEMED. The gels were cast using 
10-well combs and 1.0 mm spacers and electrophoresed in 0.5 X TBE buffer using a 
mini gel electrophoresis system (Bio-Rad). The gel was pre-run for 30 min at 180 V 
and wells were washed with 0.5 X TBE buffer prior to loading the samples to 
eliminate the urea accumulated in the wells. Samples and ladder were denatured 
with an equal volume of 2 X formamide loading dye at 65°C for 5 min and left on ice 
for 2 min to disrupt the secondary structures before loading. After 45 min 
electrophoresis at 200 V, the gel was stained with SYBR Gold (Invitrogen) for 5 min 
and visualised using Syngene Bio Imager.  
In order to separate viral proteins according to their size, sodium dodecyl sulphate 
polyacrylamide gel electrophoresis (SDS-PAGE) was conducted.  The gel was cast 
between glass plates by assembling two different layers of acrylamide as referred to 
resolving gel and stacking gel. The resolving lower gel (12.5%), which separates the 
proteins, consisted of 3.75 ml of acrylamide: bisacrylamide reagent (37.5:1 ratio), 
2.25 ml of resolving buffer (1.5 M pH: 8.8 Tris, 0.4% SDS), 2.7 ml of sdH2O, 5 µl 
TEMED and 31 µl of APS (10%). The upper stacking gel, which lines up the proteins, 
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was prepared with 0.5 ml of acrylamide: bisacrylamide reagent (37.5:1 ratio), 0.75 
ml stacking buffer (0.5 M pH: 6.8 Tris, 0.4% SDS), 1.71 ml of sdH2O, 3.5 µl TEMED 
and 35 µl of APS (10%). The resolving gel was poured first into the gel cassette and 
isopropanol was poured onto it to make it flat. After polymerisation, isopropanol 
was drained by the help of paper towel and the stacking gel was poured and combs 
were inserted to form the wells. Following the assembly of the gels, protein samples 
were mixed with an appropriate volume of 2 X Laemmli buffer (Sigma) and 
denatured at 82°C for 5 min. The samples were then electrophoresed together with 
the PAGE Ruler Plus Prestained Protein Ladder (Fermentas) at 200 V for 1 h in 1 X 
Running buffer (124 mM Tris, 1.92 M Glycine, 1% w/v SDS). After electrophoresis, 
the gel was stained with Simply Blue Safe Stain (Invitrogen) by microwaving for a 
better stain penetration or overnight shaking before visualisation using a light box 
and Syngene Bio Imager. 
2.4.7. Sequencing 
2.4.7.1. Sanger DNA sequencing 
Sanger DNA sequencing was used to sequence of PCR amplicons and clones. Clones 
were sequenced using either of the primers below which prime within the pGEM-T 
Easy vector. Sequence specific primers were used to sequence PCR amplicons 
directly. Sequencing reactions were prepared by adding 8.46 µl of the template 
DNA (Miniprep-purified plasmid DNA) and 1.54 µl of universal forward or reverse 
primer (Sigma).  
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Universal primers M-13 forward 5’ GTAAAACGACGGCCAGT-3’ 
   M-13 reverse 5’- AACAGCTATGACCATG -3’ 
All samples for sequencing were sent to the MRC CSC Genomics Core Laboratory, 
Hammersmith Hospital. Sequence data were analysed using the bioinformatics tools 
and programs below; 
http://blast.ncbi.nlm.nih.gov/Blast.cgi 
http://mafft.cbrc.jp/alignment/server/ 
http://bio.lundberg.gu.se/edu/translat.html 
http://web.expasy.org/translate/ 
http://www.ebi.ac.uk/Tools/msa/clustalw2/ 
2.4.7.2. Next generation small RNA sequencing 
Illumina next generation technology was used to sequence small RNAs libraries of 
virus-free and virus-infected A. fumigatus isolates. Here the libraries were 
generated using two different adapters: (i) ScriptMiner small RNA adapters, (ii) HD-
adapters (Figure 2.2). 
Generation of libraries from 2 µg small RNAs using ScriptMiner adapters and HD-
adapters were performed by using the ScriptMiner Small RNA-Seq Library 
preparation kit (Epicentre Biotechnologies, USA) according to the manufacturer’s 
protocol (Figure 2.3). In order to compare the methodology and to check ligation 
bias, modified adapters namely HD-adapters were also used to generate libraries 
only from virus-infected samples (Sorefan et al., 2012).  
HD adapter oligos from Sigma (Table 2.3) were resuspended at a concentration of 
100 µM. In order to modify the 3’ HD-adapters, phosphorylation was performed 
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using 20 U of T4 polynucleotide kinase (NEB) for 600 pmol adapter in a 100 µl 
reaction. The reaction was then incubated at 37°C for 30 min and precipitated 
overnight at -20°C (alternatively 5 h at -80°C) using 2 µl of 5 mg/ml glycogen, 10 µl 
of 3M NaOAc and 250 µl of 100% ethanol. Following precipitation, phosphorylated 
adapters were centrifuged at 20,000 RCF for 15 min at 4°C, washed with 250 µl of 
80% ethanol, air dried for 8 min and resuspended in 10 µl of sdH2O. 
Phosphorylation was followed by adenylation using 5’ DNA adenylation kit (NEB) 
according to the manufacturer’s protocol. Adenylated adapter was then extracted 
using phenol-Sevag and precipitated as above. Pellets were then resuspended in 10 
µl sdH2O and electrophoresed through 16% 7 M urea polyacrylamide gel as 
described in Section 2.4.6.2 along with Scriptminer 3’ adapter and non-adenylated 
3’-HD adapter in order to check the efficiency of adenylation (Figure 2.4).  
 
Table 2.3. Adapters used for generation of cDNA libraries of sRNAs. 
Adapter name Adapter sequence (5’3’) Reference 
5’ ScriptMiner adapter GUUCAGAGUUCUACAGUCCGACGAUC Epicentre 
3’ ScriptMiner adapter AGATCGGAAGAGCACACGTCT Epicentre 
5’ HD adapter GUUCAGAGUUCUACAGUCCGACGAUCNNNN Sorefan et al., 2012 
3’ HD adapter NNNNTGGAATTCTCGGGTGCCAAGG Sorefan et al., 2012 
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Figure 2.2. Different adapters used in sRNA sequencing. (a) ScriptMiner kit adapter oligos 
and (b) degenerate HD-adapters reducing the ligation bias (adopted from Sorefan et al., 
2012).  
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Figure 2.3. Diagram showing the procedure of small RNA library construction (adopted 
from Epicentre ScriptMiner kit manual). 
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Figure 2.4. Typical size differences of adenylated and non-adenylated 3’ adapters used in 
cDNA library preparation. A: ScriptMiner kit 3’ adapter, B: Sigma non-adenylated 3’HD 
adapter, C: Combination of non-adenylated and adenylated Sigma 3’HD adapter, D: 
Adenylated Sigma 3’HD adapter. 
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The cDNA libraries were amplified using ScriptMiner index primers including 
different barcodes to tag different samples. PCR was performed using Phusion High-
Fidelity DNA polymerase (NEB) and different cycles were set to determine the 
optimal cycle number of the sample. At least 2 PCR reactions per sample were 
performed in order to maximise the library yields. Following PCR, libraries were size 
fractioned by electrophoresing the products twice through 10% native 
polyacrylamide gel as detailed in Section 2.4.6.2. Bands of interests were excised 
from the gel and placed into gel breaker tube and dissolved using 400 µl 1 X 
NEBuffer-2 by shaking overnight at 4°C. The cDNA library was then recovered using 
0.45 µm Spin-X column (Fisher) by centrifugation (2,600 rpm, 5 min). For 300 µl 
elute, precipitation was performed using 2 µl of Glycoblue (Ambion), 30 µl of NaOAc 
and 950 µl of pre-chilled 100% ethanol, overnight at -80°C. Following centrifugation 
at 20,000 RCF for 20 min at 4°C and washing with 80% (v/v) ethanol, pellets were 
resuspended in 15 µl of sdH2O and the gel extraction steps were repeated in order 
to eliminate adapter dimers from the cDNA library sample. The final library was 
resuspended in 10 µl of sdH2O and the concentration was checked using both 
NanoDrop and PAGE. NanoDrop results were not used because the library was 
precipitated using glycoblue which can alter the spectrophotometric reading caused 
by coloration from the dye. Concentration was assessed following PAGE and 
calculations were made using Quantity One software. Equal concentrations from 
each sample were pooled prior to Illumina sequencing.  
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2.5. Mycovirus techniques 
2.5.1. Virus purification 
Virus purification was performed according to an adapted method from Crawford et 
al. (2006) for chrysovirus-infected A. fumigatus. Harvested mycelia were weighed 
and 10% carborundum (silicon carbide-grade 500) was added according to the 
weight of the mycelia. Then mycelia were ground using a mortar and pestle and 
homogenized with carborundum and sufficient PBK buffer (0.03 M sodium 
phosphate, 0.3 M potassium chloride, pH: 7.6) until a smooth paste had formed. 
After this step, PBK buffer was added to the mixture to make the volume 1 litre. The 
mixture was stirred at 4°C for 1 h and centrifuged at 23,000 X RCF for 45 min at 4°C 
using the Beckman-Avanti JA-14 rotor. After centrifugation the supernatant was 
collected into a fresh bottle using Miracloth to prevent contamination with mycelial 
debris and the total volume of supernatant was measured. According to the 
volume, 10% (w/v) PEG-6000 and 1% (
w/v) NaCl were added and the solution was 
stirred at 4°C for 2 h. The solution was centrifuged (JA-14) at a speed of 15,000 X 
RCF for 35 min at 4°C and pellets including virus were resuspended in 68 ml of cold 
PBK buffer overnight at 4°C. After overnight resuspension the virus solution was 
centrifuged (JA-14) at 23,000 X RCF for 30 min. Then the supernatant was 
centrifuged (Beckman Coulter, Optima L-100 XP ultracentrifuge) at 80,110 X RCF for 
4 h using the Ti-45 rotor type. Pellets formed after ultracentrifugation were 
resuspended in 1 ml of PBK buffer. The resuspension was transferred into a 
microcentrifuge tube and an extra spin was performed at 12,000 rpm for 20 min to 
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eliminate any carborundum or other residues. The supernatant including the virus 
was placed in a new Eppendorf tube and stored at -80°C. 
2.5.2. Double-stranded RNA extraction using LiCl  
This method was used for extraction of viral dsRNA from A. fumigatus mycelia (Diaz-
Ruiz & Kaper, 1978). Frozen mycelia were ground in liquid nitrogen. Extraction 
buffer (60 g/l 4-aminosalicylic acid [sodium salt] and 50 ml/l Tris -HCl buffered 
phenol) was added and mycelia powder was homogenized with the help of 1 h 
shaking on an ice plate and the mixture was centrifuged at 10,000 rpm for 40 min at 
4°C and the supernatant was transferred to a new sterile tube. Then 15 ml of 
phenol was added to deproteinise the extract. After centrifugation as above, the 
upper phase was transferred to a fresh centrifugation tube and 15 ml of chloroform 
was added and the mixture re-centrifuged.  The upper phase was transferred to a 
fresh tube and an equal volume of 4 M LiCl added and the mixture left overnight to 
precipitate nucleic acids at 4°C. The solution was then centrifuged at 10,000 rpm for 
40 min to pellet the precipitated ssRNA. The supernatant was put into a sterile tube 
and an equal volume of 8 M LiCl solution added and to precipitate nucleic acids at 
4°C overnight. The precipitated nucleic acids were collected by centrifugation at 
10,000 rpm for 50 min and 1 ml of supernatant was collected as a negative control. 
The pellet, consisting of a highly enriched dsRNA, was resuspended in 2 ml of 
distilled water and kept at -20°C for further experiments. After LiCl extraction, 
phenol-Sevag extraction, DNase 1 and S1 nuclease treatments were performed 
sequentially in order to remove contaminating DNA and single-stranded RNA, 
respectively. 
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Equal volumes of nucleic acids solution and phenol were mixed, vortexed and the 
suspension centrifuged at 13,000 rpm for 5 min and the upper phase was removed 
to a new tube. After adding an equal volume of Sevag (24:1 ratio, chloroform: 
isoamyl alcohol) and mixing, centrifugation was repeated as above. The nucleic 
acids in the upper phase were precipitated overnight with 10% (v/v) 3 M sodium 
acetate (pH 5.5) and 2.5 vol of 100% ethanol at -20°C. Precipitated nucleic acids 
were centrifuged at 13,000 rpm for 25 min and the pellet was washed with 500 µl of 
70% (v/v) ethanol. The supernatant was discarded and the pellet dried for 30 min 
under a lamp. Completely dry pellets were resuspended in sterile distilled water 
and kept on ice for at least 30 min to dissolve properly.  
With the aim of eliminating genomic DNA, 50 µl of samples were treated with 25 µl 
of RQ1 DNase (1 U/µl, Promega) in a 100 µl total reaction volume containing 1 X 
RQ1 DNase reaction buffer (Promega) supplied with the enzyme. Digestion was 
performed for 1 h at 37°C and nucleic acids extracted with phenol-Sevag, 
reprecipitated and concentrated as before. DsRNA samples were treated by S1 
nuclease enzyme to remove single-stranded RNA. In order to digest 40 µl of sample, 
2 µl of S1 nuclease (95 U/µl, Promega) was added along with 10 µl of 10 X S1 
nuclease reaction buffer (Promega) and 48 µl of distilled water. Reactions were 
incubated at 37°C for 1 h and nucleic acids extracted with phenol-Sevag 
reprecipitated and concentrated as before. To determine the presence of dsRNA, 
samples were analysed on 1% agarose gels. 
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2.5.3. Characterisation, cloning and sequencing of mycovirus dsRNA  
This protocol modified from Froussard (1992) was used to create a cDNA library of 
the dsRNA genome of an uncharacterized virus from A. fumigatus, nominated 
Aspergillus fumigatus tetramycovirus-1 (AfuTmV-1). LiCl-extracted viral dsRNA 
(Section 2.5.2) was used as a template (10 µl) and denatured with 1 µl of 100 mM 
methyl mercuric hydroxide and 1 µl of 100 pmol forward Froussard primer (5’-
GCCGGAGCTCTGCAGAATTCNNNNNN-3’) at room temperature for 20 min. 
Denatured template was then snap cooled on ice for 2 min and first strand cDNA 
synthesized by combining it with 1 µl of 0.1 M DTT, 4 µl of 5 X FS buffer (Invitrogen), 
1 µl of RNasin (Promega), 1 µl of 10 mM dNTP mix and 1 µl of Superscript RT-III in a 
20 µl of reaction. This mixture was incubated at 50°C for 1 h and then 70°C for 15 
min. First strand synthesis was followed by PCR amplification using 5 µl of first 
strand cDNA, 10 µl of 5 X GoTaq buffer, 2 µl of 10 mM dNTP mix, 2 µl of reverse 
Froussard primer (5’-GCCGGAGCTCTGCAGAATTC-3’) (alternatively 1 µl of reverse 
Froussard primer and 1 µl of random hexamer), 1 µl of RNase H, 0.5 µl of GoTaq 
polymerase and 24.5 µl of DEPC-H2O. PCR was performed using a program 
consisting of an initial activation at 94°C for 2 min followed by 31 cycles of 3 steps 
including 94°C for 1 min, 60°C for 1 min and 72°C for 3 min and a final extension at 
72°C for 5 min. 10 µl of the PCR reaction was checked on 1% agarose gels stained 
with EtBr and the remaining 40 µl of PCR reaction was purified using a PCR 
purification kit (Qiagen) and cloned into pGEM-T Easy vector (Promega) as detailed 
in Section 2.4.2. Clones obtained using this procedure were used for genome 
walking to clone and sequence the AfuTmV-1 genome.  
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2.5.4. Curing of mycovirus infection and elimination of dsRNA 
In order to investigate the effects of A78 mycovirus, another uncharacterised dsRNA 
virus, infection on A. fumigatus, it is required to produce virus-infected and virus-
free isogenic lines and compare them. This can be achieved either by infection of an 
uninfected strain with the dsRNA/virus of interest or by curing the infected strain. 
With this aim, it was planned to eliminate viral dsRNA from the infected fungal 
isolate by cycloheximide treatment.  
Cycloheximide is a protein synthesis inhibitor which blocks initiation of translation 
and elongation during protein synthesis. Its effects on virus infection are not fully 
understood, however it is possible that a reduction in synthesis of the host proteins 
required for viral replication is responsible (Leibowitz, 1982). Cycloheximide has 
been used to cure different mycoviral infections in several fungi including 
Aspergillus spp. (Elias & Cotty, 1996). Recently its effect has been shown on AfuCV 
(Bhatti et al., 2011b). In order to cure the uncharacterised virus infection, a 
concentration range from 0.01 M to 150 mM was added to solid ACM media where 
the A78 A. fumigatus isolate was inoculated and passaged for three generations. 
The inoculated plates were incubated at 37°C until sufficient mycelia growth was 
observed to identify any different phenotypic characteristics. Potentially cured 
cultures were selected according to differences in morphology and pigmentation 
and an infected wild type isolate was used as a control. These selected isolates were 
checked by RT-PCR using A. fumigatus β-tubulin gene primers to verify that they 
were A. fumigatus. Then, mycelia were harvested to check for the presence or 
absence of dsRNA by LiCl extraction and viewed by agarose gel electrophoresis. For 
fungal growth rate determination, an equal number of spores (103) calculated using 
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a haemocytometer of each of the cured cultures and an infected control were 
plated onto ACM and MM and incubated at 37°C. Their growth and morphology 
was recorded and colony diameters (radial growth assay) were measured every 24 h 
for 5 days. 
2.5.5. Peptide Mass Fingerprinting  
Peptide mass fingerprinting is an efficient method of protein identification, which is 
based on sequence-specific proteolysis of the protein of interest (Aebersolt & 
Goodlett, 2001). In this application, protein is fractionated by PAGE and cleaved into 
peptides of different masses with the help of specific protease enzymes and then 
the peptides generated are investigated according to their mass. Then, the protein 
is identified by comparison between theoretical mass of the protein in the database 
and the experimentally obtained masses using protein searching programmes  
(Thiede et al., 2005; Figure 2.5). As a first step, proteins were separated using SDS-
PAGE as described in Section 2.4.6.2. The band of interest was excised from the gel 
and digested with trypsin which cleaves lysine and arginine and creates fragments 
in 8-10 amino acids in length and is the most preferred enzyme for mass 
fingerprinting (Thiede et al., 2005). The masses of the small peptides were assessed 
using MALDI-TOF mass spectrometer at the PNAC Facility of University of 
Cambridge and the results were analysed using Mascot search engine in order to 
identify proteins (Koenig et al., 2008).   
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Figure 2.5. Schematic demonstration of peptide mass fingerprinting procedure.  It consists 
of SDS-PAGE, excision of the band of interest, trypsin digestion, mass spectrometry and 
Mascot search steps.   
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2.6. Bioinformatics methods 
The cDNA libraries, generated as detailed in Section 2.4.7.2 using ScriptMiner and 
HD adapters, were sequenced at TGAC (Norwich, UK). The sRNA sequencing results 
were obtained from the sequencing company in FASTQ format and the steps 
presented in Figure 2.7 were followed to analyse this data. The sequencing was 
directional, single-ended and the length of the resulting reads was 50 nt. The data 
was analysed on a Linux server running the latest Ubuntu distribution, using Perl 
(version Strawberry Perl 5.18.2.1) and R (version 3.0.3) custom made scripts  with Dr 
Irina Mohorianu. The UEA sRNA workbench was also used for sRNA loci 
identification (Stocks et al., 2012; Mohorianu et al., 2013).   
2.6.1. Quality check  
2.6.1.1. Adapter removal 
The first step was to convert the FASTQ files into FASTA format and then to analyse 
the distributions of nucleotide composition separated per size class. Next, the 
adapter removal was conducted by precise identification of the first 6 nt of the 
adapter and checked using a custom-made Perl script for guessing adapter. Briefly, 
the script is controlled with one parameter, the number of nucleotides to be 
considered for the adapter (N), and uses as input the FASTA file in redundant 
format. All possible combinations of length N in the {A, C, T, G} alphabet are 
generated and used as putative adapters. The script outputs the number of 
sequences for which the guessed adapter was considered correct. Next, the 
guessed fragments were aligned to obtain the first 7-8 nts of the adapter sequence 
which can be used for the adapter removal step. 
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Each of the 8 samples corresponding to one replicate were loaded on one 
sequencing lane. To check the equal loading of each library, we compared the total 
number of reads per library, on one lane to a random uniform read distribution (on 
the same total number of reads), using a chi-square (χ2) test. 
2.6.1.2. Quality check prior to genome matching 
The quality of the resulting sequences was checked before genome matching by 
analysing the size class distributions on the redundant (all reads), and non-
redundant (unique) reads. The size class distributions indicate first whether the 
correct band was excised during the library preparation and second can provide 
clues for the types of sRNAs that could be found in the data. Next, the complexity 
distribution was also analysed (Mohorianu et al., 2011). The complexity is defined 
as the ratio between non-redundant and redundant counts; it can vary from 0 to 1, 
very small values indicate a small number of sequences with high abundances and 
very large values indicate a large number of sequences with low abundances. 
Briefly, this measure can be used to describe known classes of sRNAs like miRNA, 
which have low complexity or hcRNAs which have higher complexity. The next step 
consisted in the comparison of the replicates and samples. A first measure to assess 
the dataset was the Jaccard similarity index on the top 1000/5000 most abundant 
reads (Mohorianu et al., 2011). Next, the replicate versus replicate scatter plot was 
created and the overall and localised Pearson correlations were computed.  
2.6.1.3. Mapping to genomes of interest 
The reads were mapped (full length) to a fungal genome and three different viral 
genomes using PatMan (Prufer et al., 2008) allowing 0 gaps and 0, 1, 2 mismatches. 
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The genomes are: (i) Aspergillus fumigatus, (ii) Aspergillus fumigatus chrysovirus 
(AfuCV), (iii) Aspergillus fumigatus partitivirus (AfuPV) and (iv) Aspergillus fumigatus 
tetramycovirus-1 (AfuTmV-1). The A. fumigatus genome (Af293, version s03-m04-
r22) has a length of 29.4 Mb and divided into 8 chromosomes along with a 32 kb 
mitochondrial genome (Galagan et al., 2005). The reference sequence was 
downloaded from the Aspergillus Genome Database (AspGD; Arnaud et al., 2010). 
Then the annotations relative to the build that was used were downloaded from the 
same database (Table 1.1; Cerqueira et al., 2014). The sequences of the 
components of the AfuCV, AfuPV and AfuTmV-1 were obtained from NCBI database 
using the accession numbers cited in Jamal et al. (2010), Bhatti et al. (2011a) and 
unpublished, respectively. With the aim of further understanding the distribution of 
reads within the dataset, the annotation of the reads mapping to the host genome 
using the existing classes was conducted. The annotation classes include coding 
genes and pseudogenes, transposable elements and repeats, and general 
noncoding RNAs (ncRNAs) such as rRNA, tRNA and snoRNA (Gardner et al., 2011). 
For the genome matching reads, and the reads matching to the annotation classes, 
the size distribution complexity analyses were conducted together with the 
identification of the proportion of matching reads to each of these classes. Next, the 
most abundant reads in each sample were manually annotated which included 
transposable elements, RNA binding proteins or important genes in pathogenesis of 
the fungus. These preliminary results suggested that further analysis into the 
behaviour of reads mapping to these elements was needed.  
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2.6.1.4. Normalisation 
Normalisation is an important step in expression analysis of genes and small RNAs 
as it allows an unbiased comparison between the samples by adjusting systematic 
variations (Dillies et al., 2013). Its aim is to eliminate false calls (both false positives 
and false negatives) deriving from technical variations and to reveal true biological 
differences (McCormick et al., 2011). Even though the results are comparable 
without normalisation for the data that have small differences in library size, it is 
not accurate to compare the data sets that have large differences in library size 
without a normalisation step (Dillies et al., 2013).  
Reads obtained after the quality check, were transformed in non-redundant format 
(for every unique sequence that appeared in the sample, an abundance (abn) was 
associated that reflects the number of times the sequence was sequenced). To 
obtain a normalised expression level (ne), the abundances of the reads were first 
normalised using total count (TC) method with reads mapping to a genome (host 
and viral) as total (T). For simplicity, the scaling factor (sf) was chosen as the floor of 
the minimum total number of reads across the libraries. The equation is presented 
below as described in Dillies et al. (2013).  
ne = abn / T * sf       Equation 2.2 
The median of the total number of reads varied between 15-20 million, with two 
extremes having 4 million reads (A78_fr_r1) and 43 million reads (PV_inf_r1). 
Subsequent to the normalisation step, the size class distributions were recreated 
and the boxplot representations were produced to check whether the 
normalisation step preserved the distributions observed in the original histograms. 
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Figure 2.6.  Box plot representation of the samples where RPKM (reads per kilobase per 
million) normalisation method was applied. Average abundances in log (2) were 
represented on the y axis and sizes (nt) were represented on the x axis.  
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In addition, the distribution of differential expression between replicates was 
checked for each size class. Due to high variability observed for per total 
normalisation (Figure 2.6), alternative normalisation method such as quantile 
normalisation adapted for sRNA high throughput sequencing data were tested 
(Bolstad 2003, Mohorianu et al., in preparation). For this approach, the distributions 
of differential expressions for each size class were centred on 0, in accordance with 
the hypothesis that the majority of reads (sRNAs) should not be differentially 
expressed between biological replicates. Therefore, the rest of the analysis was 
conducted using expression levels obtained through quantile normalisation.  
2.6.2. Differential expression analysis 
Differentially expressed sRNAs between the virus-free and virus-infected samples 
were identified using two different methods: (i) “offset fold change method (OFC)” 
(Equation 2.3) as described in Mohorianu et al. (2011), where the offset was 
determined from the data and the X1 and X2 values are normalised expression levels 
of the sRNA / sRNA locus that is analysed and (ii) simplified differential expression 
using confidence intervals (CI). Briefly, the method transforms numerical difference 
in expression into one of the descriptors: up (U), down (D), straight (S) as detailed in 
Lopez-Gomollon et al. (2012).  
𝑂𝐹𝐶(𝑥1, 𝑥2) =
𝑥1+𝑜𝑓𝑓𝑠𝑒𝑡
𝑥2+𝑜𝑓𝑓𝑠𝑒𝑡
                                                         Equation 2.3. 
sRNAs were accepted as differentially expressed if they were identified by both 
methods. A subset of the differentially expressed reads was selected for further 
validations. 
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2.6.3. Identification of known classes of small RNAs 
2.6.3.1. MicroRNAs (miRNAs) 
MicroRNA identification was performed using three different approaches; (i) 
similarity search using miRBase database and known fungal miRNA-likes, (ii) miRNA 
prediction using miRCat program, (iii) searching the differentially expressed small 
RNAs for annotation and folding.  
To identify conserved miRNAs, reads mapping to either genome were mapped to all 
miRNAs in the miRBase database (release 20) allowing up to 3 mismatches to the 
mature sequence. Matched putative miRNAs from the sequencing data were then 
mapped back to the reference genomes with 0 or 1 mismatch. A single mismatch 
was allowed because no miRNAs have been reported in fungi apart from microRNA-
like (milRNAs; Lee et al., 2010a; Zhou et al., 2012a; Yang et al., 2013). No putative 
miRNA had hit on the viral genomes. For the host genome, potential precursors 
were determined from the left/right flanking regions of 300 nt using the Vienna 
RNA folding suit (version 2.0; Hofacker & Stadler, 2006). Differentially expressed 
miRNAs were validated by northern blotting as detailed in Section 2.3.3.2. 
Identification of putative novel miRNAs was performed by miRCat (miRNA 
categoriser; Moxon et al., 2008) using the parameters such as length of hairpin and 
GC content determined from the putative conserved miRNAs. 
2.6.3.2. siRNAs mapping to the LINEs  
In order to identify any potential siRNAs which could have effect at transcriptional 
level, reads were analysed by size class distribution and complexity prior to 
mapping to transposable elements, repeat elements and putative promoter regions 
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defined as 2 kb upstream of the start codon, on the same strand as the gene. For 
interesting candidates, presence plots were created.  
2.6.4. Identification of putative new classes of sRNAs 
In order to identify potential new classes of small RNAs, reads were mapped to all 
genomes of interest and sRNA loci were predicted using the locus  identification tool 
(CoLide) as described in Mohorianu et al. (2013) available from the UEA sRNA 
workbench (Stocks et al., 2012). Differentially expressed loci were annotated based 
on sequence similarity using BLAST, components BLASTN and BLASTX against the nr 
and nt databases (release 2.2.29; Altschul et al., 1990). The cut offs used were: 80 % 
identity, 80 % similarity and a length of the homolog region of more than 18 nt.  
2.6.5. Identification of virus derived sRNAs 
As the main aim of this project was to determine the presence or absence of the 
virus-derived small RNAs, additional analyses were done to identify any putative 
new classes of viral small RNAs. With this aim, the viral presence plots were 
created. Next, the most abundant sequences mapping to the viral genomes were 
checked for differential expression using the expression levels obtained from the 
analysis described in Section 2.6.2. Validation was done by northern blotting 
analysis and potential targets were searched on the host genome using both plant 
and animal targeting rules (Allen et al., 2005; Bartel 2009).  
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Figure 2.7. Summary of the bioinformatics workflow. Different highlighting colours 
indicate the stages and order of the analysis. These steps were followed to analyse the raw 
data from sRNA sequencing.  
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2.7. Galleria mellonella infection model 
This model was used in order to test the effects of mycoviruses on the 
pathogenicity of the A. fumigatus.  
2.7.1. G. mellonella larvae 
Greater wax moth (Galleria mellonella) larvae in the final instar stage were obtained 
from Livefood UK Ltd. (Somerset, England) and stored prior to use in wood shavings 
in the dark to prevent pupation.  Prior to injection, grey marked larvae were 
excluded in order to observe pigmentation changes caused by fungal infection 
clearly. Only cream-coloured larvae were chosen for further steps and used within 1 
week after delivery (Fuchs et al., 2010). Ten larvae weighing approximately 0.2 g 
each were chosen at random and all experiments were duplicated and repeated on 
three independent occasions.  
2.7.2. Injection of G. mellonella  
G. mellonella larvae were injected with 10 µl of fungal spore suspension through the 
last left proleg into the hemocoel using a Hamilton syringe with a 22s gauge needle 
(Hamilton, USA) as illustrated in Figure 2.8 (Fallon et al., 2012). The Hamilton 
syringe was disinfected by drawing up until full with 100% ethanol for 30 min before 
starting the experiment. The syringe was also washed three times with PBS after 
ethanol washing prior to injection to larvae. These washing steps were repeated 
between virus-free and virus-infected isolates injections but not for replicates. The 
syringe was kept inside an empty 50 ml Falcon tube in between the injections. 
Larvae were collected with sterile forceps and pinned by fingers on their dorsal side 
over a 1 ml pipette tip used as a stand to immobilise the larvae during injection. The 
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syringe was inserted via open larval prolegs. Using this procedure spore suspensions 
were directly injected into the hemocoel. Damaged larvae, characterised by the 
release of yellow coloured haemolymph, were not used further and were 
euthanized by freezing at -20°C for 1 h.  Ten larvae were employed for each 
experiment as explained above. Control experiments comprised: (i) untouched 
larvae, (ii) larvae just pierced and (iii) PBS-injected larvae. The Δpaba A. fumigatus 
strain was used as an avirulent control. Following injection, larvae were put into 
appropriately labelled Petri dishes in which a layer of Whatman paper placed in 
order to create a barrier between the larvae and plastic surface of the dish.  
2.7.3. Survival assay 
As different A. fumigatus strains have different phenotypes including pigmentation, 
growth rate and sectoring on solid media, initial experiments were designed to 
determine optimal spore concentration to facilitate clear observations of the 
pathogenicity of virus-free and virus-infected isolates.  
With this aim, moth larvae were injected with serially diluted spore suspensions 
ranging in concentration from 1x104 to 1x107 spores of two individual isolates, one 
the fastest growing isolate and A78-infected and the other, the slowest growing 
isolate and partitivirus (PV)-free were grown on solid ACM. For survival rate assays, 
1x105 spores were inoculated as described in Section 2.3 and infected larvae were 
incubated in Petri dishes in the dark at 37 °C for 5 days. The times of death of larvae 
were recorded daily together with observations on melanisation and lack of motility. 
Survival curves were plotted and their statistically significance were determined by 
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Kaplan-Meier analysis using the GraphPad Prism 6.0 programme and P values were 
estimated using Log rank and Wilcoxon tests.  
2.7.4. Fungal burden assay 
For the fungal burden assay, moth larvae were treated as for the survival assay. 
Following 6h and 48 h at 37 °C incubation, three randomly selected larvae for each 
time point were ground using a mortar and pestle in liquid N2 and homogenized in 5 
ml PBS buffer. In order to assess the fungal burden quantitatively, quantitative PCR 
(qPCR) was performed on genomic DNA extracted from 200 µl of larval homogenate 
using the DNeasy Blood and Tissue Kit according to the manufacturer’s protocol 
(Qiagen, Valencia, CA). Fungal burden was determined using the primers βT-F (5’-
AATTGGTGCCGCTTTCTGG-3’) and βT-R (5’-AGTTGTCGGGACGGAATAG-3’) to amplify 
the A. fumigatus beta-tubulin gene (Balajee et al., 2005). The primers Actin-F (5’-
ATCCTCACCCTGAAGTACCC-3’) and Actin-R (5’-CCACACGCAGCTCATTGTA-3’) were 
used to amplify the G. mellonella actin gene (Altincicek and Vilcinskas, 2006). 
Quantitative PCR assay was performed using SYBR green I (Invitrogen, Carlsbad, CA) 
as a fluorescent dye and monitored using an ABI Prism 7700 machine (Perkin-Elmer 
Applied Biosystems, Waltham, MA). Three biological replicates for each isolate were 
carried out along with a PBS-injected control and Δpaba-injected control in 
MicroAmp 96-well plates (Applied Biosystems, Grand Island, NY). Differences 
between the values of threshold cycle (Ct) were analyzed using unpaired t-tests 
(GraphPad Prism version 6.04).  
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Figure 2.8. Illustration of injection of G. mellonella larva.  Cream coloured G. mellonella 
larvae, approximately equal in size, were infected with different strains of A. fumigatus 
using a Hamilton syringe on designed injection stand in a safety cabinet. Larvae were 
immobilised by pinning with fingers over the pipette tip and the fungal spore suspension 
was injected into the last proleg.  
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Chapter 3 
(Results 1) 
Expression profiles of RNA silencing related genes in 
virus-free and virus-infected A. fumigatus isolates  
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3.1. Introduction 
Different fundamental components referred to as Argonaute and Dicer proteins 
have key roles in the RNA silencing machinery (Filipowicz, 2005).  
Dicers are the members of RNase III family of nucleases characterized by their N-
terminal helicase domain and two C-terminal RNase III domains. The Dicer enzymes, 
which were first characterised in Drosophila melanogaster, are evolutionary 
conserved proteins in plants, worms, flies, mammals and fungi (Bernstein et al., 
2001). A single dicer gene has been reported in vertebrates and C. elegans, whereas 
D. melanogaster and other organisms have more Dicers (Filipowicz, 2005). RNase III 
family members are among the few ribonucleases that show specificity for dsRNA 
(Nicholson, 1999). In the RNA silencing mechanism, Dicer has a key role in the 
cleavage of dsRNA with 3’ overhangs of 2 to 3 nucleotides and 5’-phosphate and 3’ 
hydroxyl termini into 21-23 nucleotides sense and antisense RNA fragments 
(Bernstein et al., 2001; Elbashir et al., 2001).  
Argonaute enzymes have key roles in the RNA silencing mechanism since the 
mechanism can work only after binding small silencing RNAs, small interfering 
(si)RNAs and micro (mi)RNAs which have guide roles for Argonautes (Wu et al., 
2010) which means these proteins are essential components of the RNA-induced 
silencing complex (RISC). They are basic proteins which have two conserved 
domains, namely PAZ and Piwi domains (Nakayashiki et al., 2006). Argonaute 
proteins bind small RNAs and use them as guides in order to recognize homologous 
RNA molecules and silence them by mRNA degradation (Jaubert et al., 2011). 
It is considered that the RNA-dependent RNA polymerase (RdRP) has a crucial role 
in induction of the silencing mechanism and the formation of secondary siRNAs. 
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Secondary siRNAs derive from targeted messenger (m) RNAs by RdRP proteins, 
whereas primary siRNAs derive from initial triggering double-stranded (ds) RNA 
(Forrest et al., 2004; Calo et al., 2012). In Neurospora crassa, RdRP-1 protein is 
responsible for converting single-stranded (ss) RNAs into dsRNAs (Calo et al., 2012). 
Even though it was shown that RdRPs were not required for RNA silencing in 
Aspergillus nidulans, requirements of RdRPs may vary within the genus Aspergillus. 
While the A. nidulans genome does not contain an RdRP-1 gene ortholog, A. 
fumigatus and A. oryzae both do, suggesting that RdRP-1 may be related to gene 
silencing in these organisms (Hammond & Keller, 2005). It has been indicated that 
over expression of RdRP-1 (QDE-1-quelling defective enzyme) gene results in an 
increase in quelling in Neurospora crassa (Forrest et al., 2004). In the zygomycete 
Mucor circinelloides, it has been shown that RdRPs are necessary for different steps 
of the silencing mechanism. While RdRP-1, which is similar to N. crassa QDE-1, is 
required for induction of silencing by transgenes, RdRP-2 has a key role which is 
independent of the trigger in efficient gene silencing (Calo et al., 2012). The 
ortholog of RdRP-2 gene is described as Sad-1 (synapses of amphids defective) in N. 
crassa and A. fumigatus genomes.  
Gene silencing can occur in two different ways referred to as post-transcriptional 
gene silencing (PTGS) and transcriptional gene silencing (TGS). RNA silencing is 
generally considered as post-transcriptional degradation of RNA such as in plants, in 
fungi and in animals. In transcriptional gene silencing, it is believed that dsRNA can 
induce the silencing and epigenetic changes at the genomic level and this 
mechanism works via either deacetylation of histones or methylation of cytosines. 
It has been indicated that histone deacetylases play an important role in RNA 
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silencing in P. infestans, a filamentous oomycete, along with the Dicer and 
Argonautes (Aufsatz et al., 2002; Vetukuri et al., 2011).  
Phylogenetic analyses of fungal Argonaute and Dicer proteins have been performed 
to gain insights into the RNA silencing pathway during fungal evolution 
(Nakayashiki, 2006). The main components of the RNA silencing machinery such as 
Dicers, Argonautes and RdRPs were both characterized in the filamentous fungus N. 
crassa and A. nidulans (Hammond & Keller, 2005; Catalanotto et al., 2006; 
Hammond et al., 2008b). Moreover, A. oryzae and A. flavus each encode three 
Dicers and three Argonaute proteins (Hammond et al., 2008b).   
There are two different Dicer-like enzymes and one Argonaute protein described in 
the A. fumigatus genome as major components of the RNA silencing pathway. 
Recently a putative gene has been demonstrated with dsRNA-specific ribonuclease-
III activity in the A. fumigatus genome (Nierman et al., 2005). It has not been long 
since a new putative protein has been identified referred to as RNA silencing and 
gene silencing protein (QDE-2) containing one Piwi and one PAZ domain as 
characteristics of the Argonaute protein. The A. fumigatus genome also encodes a 
histone deacetylase protein with the function of transcription and silencing 
regulator which is similar to rpdA and RPD3 in A. nidulans and the Saccharomyces 
cerevisiae genomes, respectively (Cerqueira et al, 2014). In addition to these 
proteins mentioned above, A. fumigatus codes two different RdRPs which are the 
fundamental components of silencing (Nierman et al., 2005). GenBank accession 
numbers of all genes used in current chapter are detailed in Table 3.1. 
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3.2. Aims and scope 
The aim of this chapter is to investigate whether different mycovirus infections can 
alter the mRNA expression levels of the genes involved in A. fumigatus RNA 
silencing machinery. It has been showed that dsRNA induces the expression levels 
of the components of RNA silencing machinery (Choudhary et al., 2007). It has also 
been reported that in the presence of mycoviruses transcript levels of dicer genes 
were upregulated (Zhang et al., 2008b; 2012).  
Therefore, it is important to examine whether RNA silencing components are 
functional in A. fumigatus as it may give a preliminary idea of active RNA silencing 
machinery against dsRNA mycoviruses. 
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Table 3.1. GenBank accession numbers and designed primer sequences of the RNA 
silencing related genes.  
Gene GenBank Accession number Abbreviations Sequence (5’  3’) 
 
β-tubul in  
(Ba lajee et al., 2005) 
AFUA_1G10910 
 
β-tubul in-F 
β-tubul in-R 
 
AATTGGTGCCGCTTTCTGG 
AGTTGTCGGGACGGAATAG 
 
 
Dicer l ike-1  
(RNA helicase/RNase III) 
AFUA_5G11790 
 
Dicer-1-F 
Dicer-1-R 
 
 
AATATTATGCGGCGCTTCTG 
TGCAGAGAACTGGCATAACG 
 
Dicer l ike-2  
(RNA helicase/RNase III) 
AFUA_4G02930 
 
Dicer-2-F 
Dicer-2-R 
 
TTTGATGAAGCGCACCACT 
CAAGAGCTCCTGGTGATTCG 
 
 
dsRNA specific 
ribonuclease-III  
AFUA_5G06830 
 
Ribo-III-F 
Ribo-III-R 
 
CGCAAGAGCAGGTATTGAGG 
CGGTTCGATACCAAATGTCC 
 
 
Argonaute  
(eukaryotic translation 
ini tiation factor eIF-2C4) 
AFUA_3G11010 
 
Argo-F 
Argo-R 
 
GCTTGCCTGGTCCATGAATA 
CATAGAGGTCCGCCCAGTAA 
 
RNA interference and 
gene silencing protein 
(QDE-2)  
AFUA_8G05280 
 
QDE-2-F 
QDE-2-R 
 
ACCAGGGAGAACCCATCCTA 
GATTCTTGAGGCCGAGGAC 
 
His tone deacetylase  
AFUA_2G03390 
 
His -F 
His -R 
 
CCTCCGATTGACCTGAATCTC 
CCAGGCTATGTCATCCTG 
 
 
RNA-directed RNA 
polymerase-1  
AFUA_5G09430 
 
RdRP-1-F 
RdRP-1-R 
 
AGGGACGAATCATGGAACAG 
GCCTTCAATCCACTTCCAAA 
 
 
RNA-directed RNA 
polymerase-2 (Sad-1) 
AFUA_3G06790 
 
RdRP-2-F 
RdRP-2-R 
 
AACCACCCCCTCAGAAAGAT 
GGTAGTTTCACCTCAGCAGGA 
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3.3. Results 
3.3.1. Technical aspects 
Prior to quantitative PCR analysis, each primer set was checked for the formation of 
primer dimers, which could inhibit the reaction and result in false positive results. 
To do this, dissociation curves were checked for the single peak which means no 
primer dimer, whereas in case of primer dimers there would be a small shoulder 
just before the main peak. Melting curves showed that there were no primer dimers 
for any of the primer sets as evidenced by a unique dissociation peak (Figure 3.1). 
Additionally, standard curves were generated using threshold cycle (Ct) values of a 
dilution series and plotted against the logarithm of input amount of template. In 
order to validate the 2-ΔCt method, Ct values of the reference gene were subtracted 
from Ct values of the target gene at corresponding dilutions and plotted against the 
initial cDNA concentrations (Figure 3.2). When the absolute values of the slopes are 
close to zero, it means that the efficiencies, calculated using E=10-1/slope formula as 
by Pfaffl et al. (2004), of the reference gene and target genes are similar and thus 2 -
ΔCt can be used (Livak & Schmittgen, 2001). 
All the primers except β-tubulin were designed in this study. As none of them were 
investigated before, the products were checked after the qPCR run in order to 
confirm the product size, primer specificity and DNA contamination. All the PCR 
products were of the correct anticipated size and no amplification was observed 
with (-) reverse transcriptase (-RT) controls, which means there was no DNA 
contamination with the samples and primers were specific enough to amplify the 
gene of interest (Figure 3.3).  
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Figure 3.1. Screen-shot images of melting curve peaks illustrating the specific 
amplification of investigated genes from real-time PCR.  The level of florescence dye from 
SYBR Green increases due to binding to dsDNA. By looking at the melting curve analyses, 
non-specific products, genomic DNA contamination or primer-dimers can be detected.  
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Figure 3.2. Screen-shot images of amplification curves of serially diluted cDNAs and 
standard curves of the genes analysed by qPCR (continuation of the figure and legend is 
overleaf) 
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Figure 3.2. Screen-shot images of amplification curves of serially diluted cDNAs and 
standard curves of the genes analysed by qPCR (legend is overleaf) 
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Figure 3.2. Screen-shot images of amplification curves of serially diluted cDNAs and 
standard curves of the genes analysed by qPCR - continued. Graphs on the right indicate 
the ΔCt values calculated by subtracting Ct of reference gene from that of target gene at 5 
different tenfold dilution and plotted against the logarithm of input amount of template. 
This approach is a validation of the 2-ΔCt method (Livak & Schmittgen, 2001). The screenshot 
images demonstrating fluorescence increase in different cycles for each serially diluted 
gene is shown on the right.  
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Figure 3.3. Agarose gel electrophoresis of Real-time PCR products. PCR amplicons of all 
primer pairs were checked on 2 % agarose gels stained with SYBR Safe (Invitrogen) in order 
to confirm the DNA-free nature of the samples and primer specificity. Correct product sizes 
were 281 bp for β-tubulin, 185 bp for Dicer like-1, 159 bp for Dicer like-2, 175 bp for 
Argonaute, 142 bp for histone deacetylase , 181 bp for QDE-2, 152 bp for dsRNA-specific 
RNase-III , 197 bp for RdRP-1 and 166 bp for RdRP-2. None of the no-template controls and 
–RT controls produced amplicons.  Lane labels are L: Invitrogen 1 kb Plus Ladder; N: no 
template control; (+): cDNA; (-): -RT control.     
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3.3.2. Expression levels of RNA silencing related genes 
Quantitative PCR analysis for virus-free and virus-infected isolates were made using 
three biological replicates and technical duplicates. The results obtained were 
normalised using the β-tubulin gene and then virus-free and virus-infected isolates 
were compared in terms of expression levels of Dicer-1, Dicer-2, dsRNA-specific 
RNase-III, Argonaute, QDE-2, histone deacetylase, RdRP-1 and RdRP-2 genes. 
While no statistically significant difference was observed in the expression of Dicer-
1 and Dicer-2 genes in all four virus-free and virus-infected isolates, there was a 
statistically significant increase and a statistically significant decrease in the 
expression of dsRNA-specific RNase-III in the case of both AfuUcV and AfuPV-1 
infection, respectively (Figure 3.4). Expression of the Argonaute gene induced in the 
presence of AfuUcV, AfuCV and AfuTmV-1 infections indicated that the difference 
was only statistically significant in AfuUcV infection, whereas the expression of the 
Argonaute gene was reduced in the presence of AfuPV-1 infection. Conversely, the 
expression level of QDE-2 increased significantly only in the presence of AfuUcV 
infection, while it decreased in AfuCV and AfuPV-1 infections (Figure 3.5). In the 
case of AfuPV-1 infection, all the expression levels of Dicer and Argonaute genes 
decreased, however only the decrease in dsRNA-specific RNA-III level was 
statistically significant.  
While expression levels of the histone deacetylase gene tend to be down-regulated 
in AfuTmV-1 and AfuUcV infection, it increased in the presence of AfuCV infection 
although these were not statistically significant. Only in the presence of AfuPV-1 
infection was a statistically significant decrease observed in the expression level of 
histone deacetylase gene (Figure 3.6). The relative expression levels of RdRP-1 gene 
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showed different trends for each of the four different mycovirus infections; 
however, none of them was statistically significant (Figure 3.7A). Conversely, the 
expression level of RdRP-2 gene decreased in virus-infected isolates when 
compared to the virus-free ones. Between those, only the decrease in the presence 
of AfuPV-1 was statistically significant (Figure 3.7B). 
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Figure 3.4. Comparison between expression levels of Dicer-1 (A), Dicer-2 (B) and dsRNA-
specific RNase-III (C) genes in virus-free and virus-infected A. fumigatus isolates (legend is 
overleaf) 
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Figure 3.4. Comparison between expression levels of Dicer-1 (A), Dicer-2 (B) and dsRNA-
specific RNase-III (C) genes in virus-free and virus-infected A. fumigatus isolates. These 
three genes are the members of an RNase family that is specific for dsRNAs. CV, PV, NK and 
A78 refer to AfuCV, AfuPV-1, AfuTmV-1 and AfuUcV, respectively. Relative expression levels 
were plotted using GraphPad Prism 6.0 programme and P values were estimated using two-
tailed Student’s t-test. Error bars were calculated by using the standard deviation values. P 
values less than 0.05 were accepted as statistically significant difference and illustrated by 
asterisk (*, **, ***, **** mean P ≤ 0.05, 0.01, 0.001 and 0.0001, respectively; n=3). 
125 
 
 
 
Figure 3.5. Comparison between expression levels of Argonaute (A) and QDE-2 (B) genes 
in virus-free and virus-infected A. fumigatus isolates.  Expression levels are relative to β-
tubulin gene. CV, PV, NK and A78 refer to AfuCV, AfuPV-1, AfuTmV-1 and AfuUcV, 
respectively. Relative expression levels were plotted using GraphPad Prism 6.0 programme 
and P values were estimated using two-tailed Student’s t-test. Error bars were calculated by 
using the standard deviation values. P values less than 0.05 were accepted as statistically 
significant difference and illustrated by asterisk (*, **, ***, **** mean P ≤ 0.05, 0.01, 0.001 
and 0.0001, respectively; n=3).  
126 
 
 
 
 
Figure 3.6. Comparison between expression level of histone deacetylase gene in virus-free 
and virus-infected A. fumigatus isolates.  Expression levels are relative to β-tubulin gene. 
CV, PV, NK and A78 refer to AfuCV, AfuPV-1, AfuTmV-1 and AfuUcV, respectively. Relative 
expression levels were plotted using GraphPad Prism 6.0 programme and P values were 
estimated using two-tailed Student’s t-test. Error bars were calculated by using the standard 
deviation values. P values less than 0.05 were accepted as statistically significant difference 
and illustrated by asterisk (*, **, ***, **** mean P ≤ 0.05, 0.01, 0.001 and 0.0001, 
respectively; n=3). 
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Figure 3.7. Comparison between expression levels of RNA-directed RNA polymerase-1 (A) 
and RNA-directed RNA polymerase-2 (B) genes in virus-free and virus-infected A. 
fumigatus isolates.  Expression levels are relative to β-tubulin gene. CV, PV, NK and A78 
refer to AfuCV, AfuPV-1, AfuTmV-1 and AfuUcV, respectively. Relative expression levels 
were plotted using GraphPad Prism 6.0 programme and P values were estimated using two-
tailed Student’s t-test. Error bars were calculated by using the standard deviation values. P 
values less than 0.05 were accepted as statistically significant difference and illustrated by 
asterisk (*, **, ***, **** mean P ≤ 0.05, 0.01, 0.001 and 0.0001, respectively; n=3). 
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3.4. Discussion 
The main results of the study were as follows:  
i) Genes involved in potential RNA silencing mechanism in A. fumigatus 
were successfully amplified with the primers as designed without any 
DNA contamination or non-specific amplification.  
ii) In the presence of AfuUcV, expression levels of dsRNA specific RNase-III, 
Argonaute and QDE-2 genes were up-regulated, to a statistically 
significant extent. 
iii) AfuPV-1 infection caused a decrease in the expression levels of all genes 
except RdRP-1. Decrease in three of those genes was statistically 
significant. 
iv) Expression patterns of the genes had alterations depending on the 
mycovirus.     
v) From three different Dicer-like genes, dsRNA-specific RNase-III is more 
likely to possess a role in A. fumigatus RNA silencing. 
3.4.1. Technical aspects 
Quantitative PCR (qPCR) has become one of the most beneficial tools to measure 
the mRNA expression. Even though it is easy-to-use, quick and sensitive, accurate 
quantification of the gene of interest depends on primer specificity, template 
quality and precisely selected reference gene. Transcription levels of the selected 
reference gene should remain the same regardless of what experimental conditions 
were applied. Thus, expression levels of the target genes can be normalised and 
precise levels of expression can be determined (Radonić et al., 2004). Within the 
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experimental design, it was confirmed that the expression level of the selected 
reference gene, β-tubulin, was not influenced by mycovirus infection. The β-tubulin 
gene was chosen as a reference gene as it is a common cytoskeletal protein which is 
expressed in all cells (Semighini et al., 2002). Data were analysed according to the 
relative quantification method described by Livak and Schmittgen (2001) as the 
efficiencies of reference and target genes were similar thus the slopes are close to 
zero. 
3.4.2. Expression levels of RNA silencing related genes in virus-free and virus-
infected isolates 
In general mycoviruses are symptomless during infection (Nuss, 2005). The 
mycoviruses investigated in this study have phenotypic effects classified as 
hypovirulence and hypervirulence. It has been showed that AfuCV and AfuPV-1 
cause hypovirulence in A. fumigatus and slow down the fungal growth when 
compared to fungal growth in virus-free isolates (Bhatti et al., 2011b). Now it has 
been demonstrated that AfuUcV leads to enhanced growth referred as to 
hypervirulence, in contrast to three other A. fumigatus mycoviruses (see Chapter 5). 
It is likely that AfuUcV induced hypervirulence exists due to the RNA silencing 
response. Once the virus is silenced by A. fumigatus mechanisms, the fungus could 
find an opportunity to grow properly. Additionally, faster growth could arise from 
gene regulation by mycovirus-derived small (s) RNAs. Small RNAs from this virus 
may have homology to some of the host genes which have a role in growth control. 
Conversely the hypovirulence phenotype and pigmentation change can also be 
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induced by the mycovirus-derived siRNAs that may target the pigmentation, 
sporulation or growth related genes of the host. 
In Cryphonectria parasitica, semi-quantitative RT-PCR analysis revealed increasing 
expression of Dicer-2, which is the main enzyme component responsible for 
silencing in this organism, during mycovirus infections (Zhang et al., 2008b). It was 
also reported recently that the expression levels of Dicer like-2 and Argonaute-2 
were significantly higher in Sugarcane mosaic virus (SCMV) infected maize plant 
than the mock infection (Xia et al., 2014).  
As mentioned before, the expression levels of 8 different genes of interest varied 
according to the type of mycovirus. The results indicated that there is no significant 
difference in expression of Dicer-1 and Dicer-2 genes in any mycovirus infection. 
Unlike Dicer genes, statistically significant differences were observed in the 
expression levels of dsRNA-specific RNA polymerase-III. This gene was expressed 
more in the presence of AfuUcV, whereas its expression was low in the presence of 
AfuPV-1 when compared to virus-free isolates. This suggests that even though the 
genes annotated as Dicer-like-1 and Dicer-like-2 may not be directly involved in RNA 
silencing, another ribonuclease might be involved in dsRNA cleavage. As the 
importance of this ribonuclease is being specific for dsRNA, this can be the main 
component of RNA silencing machinery against dsRNA mycoviruses. However the 
complete genome annotation of A. fumigatus has not been completed yet and so 
RNA silencing pathways have not been yet revealed in A. fumigatus. Only 4.71 % of 
the ORFs have been verified and the rest remains uncharacterised in the A. 
fumigatus genome according to the latest information obtained from the 
Aspergillus Genome Database (ASPGD; Cerqueira et al., 2014). According to the 
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recent annotations, three dicer candidates were checked in current study and 
dsRNA specific RNase was found to be more likely involving in potential RNA 
silencing mechanism in A. fumigatus. It has been shown that in Drosophila 
melanogaster, the organism that the first dicer gene was described in, that different 
dicers have different roles in RNA silencing. While Dicer-1 cleaves the miRNA 
precursors to miRNAs, Dicer-2 produces small interfering RNAs (siRNAs) from long 
exogenous dsRNA in D. melanogaster (Ghildiyal & Zamore, 2009). Recently it has 
been stated that the substrate specificity of these enzymes can be altered by 
inorganic phosphate which could be a potential tool to investigate Dicer activities in 
other organisms including A. fumigatus (Fukunaga & Zamore, 2014). This 
phenomenon of different Dicers having different roles was also demonstrated in 
plants using Arabidopsis thaliana, where Dicer-1, Dicer-2 and Dicer-3 are 
responsible for the production of miRNA, viral siRNA and endogenous siRNA, 
respectively  (Xie et al., 2004).  
The role of Argonaute proteins in RNA silencing machinery has been illustrated in 
several fungi (Catalanotto et al., 2002; Vetukuri et al., 2011). QDE-2 protein was 
purified with siRNA in N. crassa, which then was considered as a part of the siRNA-
directed ribonuclease complex which degrade mRNAs in a sequence specific way 
(Catalanotto et al., 2000; Catalanotto et al., 2002). In the AfuUcV-infected isolate, 
the expression levels of Argonaute and QDE-2 proteins were higher than those in 
virus-free isolate. This statistically significant change illustrates that these two 
proteins are likely to be involved in RNA silencing against AfuUcV.  
These significant and insignificant changes in mRNA levels of Dicers and Argonautes 
can also be explained in three different ways. While expression of these genes may 
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not be significantly different quantitatively there may be qualitative differences. 
Investigating the viral small RNA (visRNA) accumulation by small RNA sequencing, 
by which characteristics of viRNAs can be determined by size dis tribution and any 
specific size specificity could give clues about the dicer mechanism. This approach 
was performed and detailed in Chapter 4. It is also possible that the RNA silencing 
mechanism and small RNA accumulation can be independent of Dicer and 
Argonaute gene activities. This mechanism was discovered in N. crassa and defined 
as Dicer-independent small interfering RNAs (disiRNAs). It was stated that they 
derived from dsRNAs and are independent from Argonautes unlike Piwi-interacting 
RNAs (piRNAs) in animals and insects (Lee et al., 2010a). However, the most 
beneficial way to determine the Dicer and Argonaute function would be gene 
knock-out. By constructing gene mutants and measuring the mycovirus titre in 
those could also reveal the roles of Dicer and Argonaute genes in the small RNA 
biogenesis pathway of A. fumigatus.  
The function of deacetylases involved in gene silencing concerns chromatin 
modification by removal of acetyl group from histones. A histone deacetylase gene 
was found to be responsible for RNA silencing in P. infestans, an oomycete of 
economically important plants (Vetukuri et al., 2011). Since it has a role in fungal 
silencing machinery, it was worth investigating its expression pattern in A. 
fumigatus virus-free and virus-infected isolates.  
RdRP genes are phylogenetically close to each other in A. fumigatus, M. 
circinelloides and N. crassa. Based on this, it was expected that they have similar 
functions in RNA silencing. The fundamental roles of RdRPs in RNA silencing are to 
produce copies of triggering RNA and to elongate the siRNAs to make a 
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complementary mRNA after binding (Sijen et al., 2001). It has been previously 
stated that the RNA silencing mechanism in A. nidulans is independent of RdRPs 
which amplify siRNAs (Hammond & Keller, 2005). In N. crassa the RdRP-1 (QDE-1) 
gene has been stated to as being essential for gene silencing via converting ssRNA 
into dsRNA to trigger the RNA silencing mechanism (Cogoni & Macino, 1999). On 
the contrary, it is not required when it is activated by dsRNA in N. crassa (Goldoni et 
al., 2004; Calo et al., 2012). Expression levels of RdRP genes did not show any 
statistically significant difference in A. fumigatus, except the significant fall in RdRP-
2 gene in case of the presence of AfuPV-1 infection. 
Interestingly, expression levels of all the genes of interest except RdRP-1 declined in 
the presence of AfuPV-1. Among these declines, differences in dsRNA-specific 
RNase-III, histone deacetylase and RdRP-2 genes were statistically significant. 
Hence, it is considered that this trend in the presence of AfuPV-1 infection cannot 
be random. This general decrease suggests that AfuPV-1 may be involved in RNA 
silencing suppression as occurred in Rosellinia necatrix by mycoreovirus or in A. 
nidulans by Aspergillus virus 1816 (Yaegashi et al., 2013; Hammond et al., 2008b). 
Silencing suppressors have been reported in C. parasitica hypovirus-1 (Segers et al., 
2006), however it has not yet been reported that AfuPV-1 encodes a suppressor. 
This should also be taken into account that the virus infection in the corresponding 
isolate was performed using transfection whereas the other three infected isolates 
were naturally mycovirus infected isolates. It is also possible that small RNAs 
derived from AfuPV-1 can target the fungal mRNA including RNA silencing 
components.   
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In attempts to better understand how the silencing phenomenon occurs in A. 
fumigatus, it has been demonstrated that RNA silencing works differently 
depending on the mycovirus type.  They can induce or suppress the RNA silencing 
machinery in A. fumigatus as was also shown for A. nidulans mycoviruses 
(Hammond et al., 2008b). Taken together, up-regulation in dsRNA specific RNase-III, 
Argonaute and QDE-2 expressions might suggest a distinct RNA silencing 
mechanism involved in the interaction between AfuUcV and A. fumigatus, but not 
the other three mycoviruses. However these results were only obtained from qPCR 
assays, thus it is not possible to determine the effects of the mycoviruses without 
exploring and characterising siRNA levels by next generation sequencing for all 
virus-free and virus-infected isolates. 
Additionally alterations in the mRNA levels of RNA silencing-related genes may be a 
part of the general mRNA expression change due to virus presence and 
independent from the RNA silencing machinery. It has been shown that a change in 
the conditions that fungus live in such as temperature may lead to variations in 
mRNA expression levels of different genes (Yu et al., 2011; Yang et al., 2013). 
Mycoviruses themselves can cause alterations to the mRNA expression profile of 
fungi by altering stress conditions (Kazmierczak et al., 1996; Li et al., 2008; Kwon et 
al., 2009).  
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Chapter 4 
(Results 2) 
Analyses of sRNAome of virus-free and virus-infected Aspergillus 
fumigatus isolates 
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4.1. Introduction 
The hallmarks of active RNA silencing machinery are small RNAs (sRNAs) which are 
short RNA fragments with length ranging from 17 to 32 nt with potential regulatory 
roles. Since RNA silencing has an antiviral defence role, formation of virus-derived 
small RNAs occurs due to active RNA silencing (Zamore, 2002). Even though the 
silencing pathways may differ, as a common feature viral dsRNA is cleaved by dicer 
enzymes into small interfering RNAs (siRNAs) which then guide argonautes to 
silence the complementary viral or host mRNAs with similar sequences (Agrawal, 
2003). 
Virus-derived siRNAs (vsiRNAs) formed due to the antiviral role were found in many 
organisms harbouring viruses such as animals and plants (Zamore et al., 2000, 
Elbashir et al., 2001; Zambon et al., 2006). Viruses with dsRNA genomes are of 
particular interest as they are triggers and targets of host RNA silencing machinery 
(Cao et al., 2005). In plants, where posttranscriptional gene silencing (PTGS) acts as 
an antiviral defence, the first evidence of vsiRNAs was shown in a natural virus-
induced RNA silencing model (Ratcliff et al., 1997). Nevertheless the general trigger 
of RNA silencing is dsRNA, in plants viral siRNAs were found to be derived 
predominantly from ssRNA viruses following RdRP activity that converts ssRNA into 
dsRNA (Dalmay et al., 2000; Molnar et al., 2005). Moreover, it was also stated that 
plants also have resistance against DNA viruses by siRNA-mediated methylation 
(Sharma et al., 2013). In animals, especially in insects, the presence of vsiRNAs was 
shown to be derived from dsRNA viruses by RNA silencing machinery (Zambon et 
al., 2006; Nandety et al., 2013).  
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The antiviral mode of action of the RNA silencing machinery has also been shown in 
fungi by quantification of mycoviral RNA accumulation or determination of the 
presence of siRNAs in dicer/argonaute mutant fungal strains (Segers et al., 2007; 
Hammond et al., 2008b; Zhang et al., 2012; Chiba et al., 2013a,b; Salaipeth et al., 
2014). The presence of vsiRNAs was identified by sRNA profiling and also existence 
was proven by northern hybridisation in fungi (Zhang et al., 2008; Himeno et al., 
2010). 
In addition to vsiRNAs, emerging examples of microRNA-like species has been 
reported in various fungi although miRNAs as characterised in animals and plants 
have not been reported. Table 4.1 summarises the identified miRNA-like species in 
fungi and their size classes.    
Table 4.1. Occurrence of miRNA-like species in different fungi. 
Fungus Size range of miRNA-like 
species (nt) 
Reference 
Neurospora crassa 17-25 Lee et al., 2010a 
Metarhizium anisopliae 20-23 Zhou  et al., 2012b 
Sclerotinia sclerotiorum 20-24 Zhou  et al., 2012a 
Penicillium marneffei 19-25 Lau et al., 2013 
Trichoderma reesei 18-22 Kang et al., 2013 
Fusarium oxysporum 24-30 Chen et al., 2014 
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Next generation sequencing (NGS) technologies provide unique advantages 
including rapidity, sensitivity and quality to a wide range of applications. Great 
progress and also increasing interest have been achieved in recent years in the field 
of sRNA profiling with the help of NGS technology. In this technique, cDNA libraries 
of sRNAs are created using specific adapters, which are then enzymatically 
processed and imaged by fluorescence detection in a sequencing platform such as 
Illumina where these steps take place in a flow cell (Buermans & Dunnen, 2014).  
NGS technology has also accelerated the identification of vsiRNAs. Most recently it 
has been used in identifying sRNAs derived from plant and animal viruses (Nandety 
et al., 2013; Naveed et al., 2014). It also provides the opportunity to reveal novel 
viruses by assembling the virus derived sRNA (Xu et al., 2014b).  
4.2. Aims and scope 
The general aim of the investigations described in this chapter was to investigate 
the sRNA populations of virus-free and virus-infected A. fumigatus isolates using 
next generation sRNA sequencing in order to identify sRNA classes active during 
mycovirus infection. With this aim, sRNA libraries of all virus -free and virus-infected 
samples were constructed in two biological replicates and the results were analysed 
using bioinformatic approaches as described in Chapter 2. Additionally, genome of 
A78 virus was planned to be assembled using sRNA data. 
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4.3. Results 
4.3.1. Library construction and sRNA sequencing 
sRNA libraries of isolates were constructed using fractionated high quality RNAs as 
the efficiency of the procedure depended on the starting material. The integrity of 
total RNAs was checked on agarose gels to confirm that the samples were not 
degraded (Figure 4.1). Low molecular weight RNAs were fractioned as described in 
Section 2.3.2.2 and the concentrations and purity were measured using a NanoDrop 
before library construction (Appendix-II). SRNA library construction was then 
performed as detailed in Section 2.4.7.2. 
For each virus-free and virus-infected isogenic line and their biological repeats, 
library construction was successfully achieved using ScriptMiner adapters (Figure 
4.2). Libraries were also constructed using Illumina-HD adapter however it was only 
achieved for CV-infected, NK (AfuTmV-1)-infected and PV-infected isolates in single 
replicates (Figure 4.3). Therefore these libraries were considered as internal 
controls to identify any sequencing bias arising from using ScriptMiner adapters 
(Szittya et al., 2010). The sequencing results of the HD-library supported the 
ScriptMiner libraries, however these libraries were not used for any further 
research as they lack virus-free controls and also biological repeats.   
The datasets presented in this chapter are publicly available on Gene Expression 
Omnibus (GEO; Edgar et al., 2002; Barrett et al., 2013) under accession numbers 
GSE61681 for the ScriptMiner libraries, GSE61680 for the HD libraries. These are 
also reachable as a superset under GSE61682 accession.  
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Figure 4.1. Agarose gel showing the integrities of total RNAs extracted from virus-free and 
virus-infected A. fumigatus isolates. Agarose gel was cast in 1% using TBE under RNase-
free conditions and stained with SybrGold. Lane M represents Hyperladder-I. The various 
virus-free and virus-infected isogenic lines in two biological repeats are abbreviated as 
before and their nominations are listed in Figure 4.2. 
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Figure 4.2. Non-denaturing polyacrylamide gel electrophoresis of constructed sRNA 
libraries. Libraries were constructed using ScriptMiner Small RNA Library kit (Epicentre). 
ScriptMiner adapters add 113 nt to the sample and library band were expected around 135 
nt for 19-24 nt sRNA size range. Bands at the correct adapter ligated library size were gel 
extracted twice and electrophoresed on a final gel for quantification. Gel A and gel B were 
loaded with biological repeats-1 and biological repeats-2, respectively shown in Figure 4.1. 
Lane number indicated the following: 
Lane M: 20 bp DNA ladder (Jena Bioscience) 
Lane 1: A78-free 
Lane 2: A78-infected 
Lane 3: CV-free  
Lane 4: CV-infected 
Lane 5: NK-free 
Lane 6: NK-infected 
Lane 7: PV-free 
Lane 8: PV-infected 
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Figure 4.3. Examples of the libraries made using ScriptMiner adapters (A) and Illumina-HD 
adapters (B) as described in Section 2.4.7.2. Libraries of the same sample were constructed 
using ScripMiner (A) and Illumina-HD (B) adapters and loaded into multiple lanes. While the 
ScriptMiner adapter added 113 nt to the sample, Illumina-HD adapter added 125 nt hence 
the expected library bands were approximately at 133 bp and 145 bp, respectively.  
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4.3.2. Bioinformatics analyses 
4.3.2.1. Quality checks 
Illumina sequencing yielded a total number of reads varying between 12-30 million 
(M) reads per sample with two extremes resulted in 4M and 43M. High proportions 
of the reads (>99% for all samples) contained the first 8 nt of the adapter and the 
number of rejected reads was very low (Table 4.2). No obvious problem was 
detected in the sequencing data confirming that it passed the quality checks. 
Table 4.2. Overview of sequencing data. 
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Figure 4.4. Nucleotide logos of 20 nt sRNAs for all virus-free and virus-infected samples 
(continuation of the figure and legend is overleaf) 
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Figure 4.4. Nucleotide logos of 20 nt sRNAs for all virus-free and virus-infected samples. 
On the y axis, the information content (IC) is represented. It can vary between 0 and 2, 
corresponding respectively to a uniform representation of all four nucleotides and over-
representation of one nucleotide. An IC below 0.5 indicates that no significant preference 
of one nucleotide was observed and the chance of all four nucleotide was close to a 
random uniform distribution. Additionally, secondary structures of the most abundant 3 
sequences having GC at the and with adapters were checked and confirmed that the risk of 
sequencing bias was very low (Appendix-III).  
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Nucleotide compositions of the sRNAs were checked for any technical error arising 
from ligation bias or sequencing. In all tested size classes ranging from 17 nt to 25 
nt, the nucleotides in each position show almost an equal chance to be presented 
(IC close to 0) which confirmed that the risk of sequencing bias was very low and 
there was no favoured or preferred sRNA sequence in the reads. Figure 4.4 
represents the nucleotide composition logos of 20 nt size class of sRNAs.  
The next step was to determine the size class distributions before and after genome 
matching. The size class distributions results for all reads with the adapter showed 
that the majority of the reads were found between 19-23 nt in length before 
genome matching. Two peaks of abundance were observed for 20mers and 21mers; 
these corresponded to low complexities, suggesting the existence of a small 
number of unique reads with high abundance (Figure 4.5). 
Size class distributions, complexity and proportions were determined after 
matching the reads to the genomes of interest. Reads were mapped to the A. 
fumigatus nuclear genome (full length, no mismatches allowed) using PatMan 
(Prufer et al., 2008) with a genome matching proportion of 70% in virus -free 
samples. Interestingly in virus-infected samples while the proportion of reads 
mapping to the fungal genome decreased due to the presence of virus-derived 
reads the proportion of reads mapping to the corresponding viral genome increased 
(Figure 4.6). It was observed that sum of the proportions of genome mapping reads 
(both the fungal genome and viral genome) reached 90% in all samples and was 
constant across size classes. 
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Figure 4.5. Size class and complexity distributions for all samples after adapter removal 
and before genome matching. Histograms represent the size class distribution of all 
(redundant; R) and unique (non-redundant; NR) reads and also the complexity (C) of the 
samples. The size class distributions provides the information about library preparation and 
also types of potential sRNAs. Complexity, which is the ratio between non-redundant and 
redundant reads, varies between 0 and 1 (Mohorianu et al., 2011). While small complexity 
values indicate a small group of highly abundant sequences, large values indicate a large 
group of lowly abundant sequences.  
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Figure 4.6. Proportions of genome matching reads. Orange shaded lines indicate the 
replicates matching to the fungal nuclear genome, green shaded lines indicate the 
replicates matching to the respective viral genome. Proportions of fungal genome matching 
in virus-free samples were close to 1 and no matching was observed to the viral genome. 
However in virus-infected samples it can be clearly seen that proportions of viral genome 
matching gave peak around 19-24 nt sizes where the proportions of fungal genome 
matching reads drops.  
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As seen in Figure 4.6, it was not possible to give information about reads mapping 
to the A78 viral genome as this virus has not yet been characterised. It was 
considered as a strain of NK virus due to similar dsRNA pattern on agarose gels 
(Figure 1.4) and reads of A78 infected samples were mapped to NK viral genomes 
allowing up to 4 mismatches. However no significant similarity was observed. Then, 
attempts made to assemble the A78 viral genome using sRNA sequencing data, 
which has not been completed yet. Therefore, investigation on A78 was focussed on 
putative miRNA-like species in this study.  
In order to confirm that no ribosomal RNA contamination occurred during library 
preparation, reads were aligned to the Rfam database and also to the annotated A. 
fumigatus rRNAs, tRNAs and snoRNAs (Burge et al., 2013). Reads mapping to known 
rRNAs, tRNAs and snoRNA showed that the ratio was low (maximum 18% of reads 
for rRNA, 7% of reads for tRNA and 0.5% reads for snoRNA) and the level of 
rRNA/tRNA contamination was negligible (Figure 4.7). Mapping results also 
indicated that a high proportion (above 30%) of the reads mapped to promoter 
regions. Another interesting result obtained from mapping the reads to the 
annotation classes was the fact that very high proportion -up to 50% - of the reads 
matched to annotated LINE transposons. The redundant and non-redundant reads, 
complexity and proportions of the annotated classes were detailed in a table which 
was added as Appendix-IV. 
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Figure 4.7. Annotations and mapping ratio of the reads. Pie chart representation of the 
ratio of the reads mapping to fungal coding, intron, 3’-UTRs and 5’-UTRs, tRNA, rRNA and 
snoRNA regions along with the viral genomes. Shades of grey indicate regions of fungal 
genome, virus genomes are shown in white. Annotations were detailed as a table and given 
as Appendix-IV.  
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The size class distribution of virus mapping sRNAs showed a non-random profile and 
peaked at 20-21 nt for CV and NK, and at 20-23 nt for PV which could be considered 
an indication of specific Dicer activity. This pattern was also supported by low 
complexity at 20-21 nt range for CV and NK, and 20-23 nt range for PV. Low 
complexity characterised the low number of very abundant unique reads. It was 
also clear that the abundance of the reads mapping to the viral genome in virus-free 
samples was very low (1000 reads) whereas in virus-infected samples the 
abundance of the reads were in the millions (Figure 4.8).  
The size class distribution of fungus mapping sRNA population did not show an 
obvious pattern except from the fact that the majority of the reads were in the 20-
21 nt range without a clear peak. However low complexity was observed at 24-25 nt 
even though no obvious peak was observed at this size range (Figure 4.8).  
For normalisation, the RPKM method (Mortazavi et al., 2008) was applied as a first 
approach as described previously (Section 2.6.1.4) however high variability was 
observed for the replicates differential expression (DE). Using RPKM normalisation 
in the present data set had a high chance of many false positives in differential 
expression analysis. Therefore the quantile normalisation method adapted for sRNA 
datasets (Mohorianu et al., 2015 in prep) was used as a second approach where the 
distribution of differential expressions for each size class were centred on 0, and 
replicates indicated low variability with this type of normalisation method. As seen 
in Figure 4.9 the majority of the differentially expressed reads in replicates were in 
the -/+ 2 logarithmic range and centred on 0 (no DE) which confirms the quantile 
normalisation was more reliable for the current data.   
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Figure 4.8. Size class distribution and complexity of the samples before and after genome 
matching to the fungal and viral genomes respectively (continuation of the figure and 
legend is overleaf)   
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Figure 4.8. Size class distribution and complexity of the samples before and after genome 
matching to the fungal and viral genomes respectively (continuation of the figure and 
legend is overleaf)  
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Figure 4.8. Size class distribution and complexity of the samples before and after genome 
matching to the fungal and viral genomes respectively (continuation of the figure and 
legend is overleaf) 
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Figure 4.8. Size class distribution and complexity of the samples before and after genome 
matching to the fungal and viral genomes respectively. Biological replicates were 
represented as two shades of same colour. Blue: all reads, green: reads matching to the 
fungal nuclear genome, red: reads matching to viral genomes.   
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Figure 4.9. Quantile normalisation (continuation of the figure and legend is overleaf) 
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Figure 4.9. Quantile normalisation. MA plots and distributions of DE (calculated using OFC) 
separated per size class. In the MA plots, we represent on the x axis the average abundance 
(in log 2) and on the y axis the OFC (with offset=20). 
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4.3.2.2. sRNA profiles 
4.3.2.2.1. Viral sRNA profiles 
Approximately 22% (3,588,921 / 16,610,200; average of two biological replicates) of 
the total reads mapped to A. fumigatus chrysovirus genome in the CV-infected 
samples whereas this percentage was 0.001% (8,831 / 10,958,712) in the CV-free 
samples. The majority of the reads mapped to the sense strand of AfuCV dsRNA-1 
element (Figure 4.10A).  
Reads obtained from NK virus-infected samples mapped to NK virus genome with 
50% ratio (8,309,887 / 16,521,722; average of two biological replicates). The 
proportion was only 0.0003% (5,634 / 15,627,750) in the reads mapping to the NK 
virus genome in NK-free samples. The majority of the sRNAs derived from the 
antisense strand of dsRNA-2 element of the NK virus (Figure 4.10B). 
In PV infected samples, 25% (7,717,331 / 30,195,249; average of two biological 
replicates) of the total reads were unique to the A. fumigatus partitivirus genome. 
Whereas in PV-free samples only 0.002% (27,497 / 16,965,628) of the reads 
mapped to PV genome. Reads obtained from both dsRNA elements with 
approximately no strand preference (Figure 4.10C).  
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Figure 4.10. Viral sRNAs per dsRNA element and strand differences. While the majority of 
the reads mapped to the sense strand of AfuCV dsRNA-1 element in CV-infected samples, in 
NK virus-infected samples reads mapped to the antisense strand of dsRNA-2 element of the 
NK virus. 
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Figure 4.11. Presence plots indicating the distribution and abundance of AfuCV-derived 
sRNAs along the 4 segments of AfuCV genome (continuation of the figure and legend is 
overleaf) 
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Figure 4.11. Presence plots indicating the distribution and abundance of AfuCV-derived 
sRNAs along the 4 segments of AfuCV genome. Double-stranded RNA segments 1, 2, 3 and 
4 represented in A, B, C and D, respectively. Red arrows indicate the peaks which were 
validated by relevant probes listed in Table 4.4. Colour code for the lines are red, green, 
orange and blue for 19 nt, 20 nt, 21 nt and 22 nt, respectively. Genomic coordinates were 
represented on the x axis. On the y axis, the point cumulative abundance of all incident 
reads (in linear scale) was represented.   
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Figure 4.12. Presence plots indicating the distribution and abundance of AfuTmV-1-
derived sRNAs along the 4 segments of AfuTmV-1 genome (continuation of the figure and 
legend is overleaf) 
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Figure 4.12. Presence plots indicating the distribution and abundance of AfuTmV-1-
derived sRNAs along the 4 segments of AfuTmV-1 genome (continuation of the figure and 
legend is overleaf) 
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Figure 4.12. Presence plots indicating the distribution and abundance of AfuTmV-1-
derived sRNAs along the 4 segments of AfuTmV-1 genome (continuation of the figure and 
legend is overleaf) 
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Figure 4.12. Presence plots indicating the distribution and abundance of AfuTmV-1-
derived sRNAs along the 4 segments of AfuTmV-1 genome. Double-stranded RNA 
segments 1, 2, 3 and 4 represented in A, B, C and D, respectively. Red arrows indicate the 
peaks which were validated by relevant probes listed in Table 4.4. Colour code for the lines 
are red, green, orange and blue for 19 nt, 20 nt, 21 nt and 22 nt, respectively. Genomic 
coordinates were represented on the x axis. On the y axis, the point cumulative abundance 
of all incident reads (in linear scale) was represented. 
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Figure 4.13. Presence plots indicating the distribution and abundance of AfuPV-1-derived 
sRNAs along the 2 segments of AfuPV-1 genome (continuation of the figure and legend is 
overleaf) 
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Figure 4.13. Presence plots indicating the distribution and abundance of AfuPV-1-derived 
sRNAs along the 2 segments of AfuPV-1 genome. Double-stranded RNA segments 1 and 2 
represented in A and B respectively. Red arrows indicate the peaks which were validated by 
relevant probes listed in Table 4.4. Colour code for the lines are red, green, orange and blue 
for 19 nt, 20 nt, 21 nt and 22 nt, respectively. Genomic coordinates were represented on 
the x axis. On the y axis, the point cumulative abundance of all incident reads (in linear 
scale) was represented.   
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4.3.2.2.2. MicroRNA-like candidates  
MicroRNA identification was performed using three different approaches; (i) 
similarity search using miRBase database (Kozomara et al., 2011) and known fungal 
miRNA-likes (see Table 4.1 for the references), (ii) miRNA prediction using  the 
miRCat program (Stocks et al., 2012), (iii) searching the differentially expressed 
sRNAs for annotation and folding the flanking regions.  
Firstly, the reads were mapped to known miRNAs that were present in the miRBase 
database. However either no significant similarity was found or the ones that had 
significant similarity also matching to A. fumigatus ribosomal RNA. Therefore 
similarity searches were continued with the identified fungal miRNA-like species 
that were not in the miRBase database but were identified in the literature. Three 
miRNA-like candidates were found with three mismatches to the ones identified in 
Fusarium oxysporum (foxmiRNA-like-2b; Chen et al., 2014), Sclerotinia sclerotiorum 
(SS-milR-C2; Zhou et al., 2012a) and Penicillium marneffei (PM-milR-YC2; Lau et al., 
2014). While miRNA-like candidates similar to F. oxysporum and S. sclerotiorum 
were found to be differentially expressed in all virus-infected samples the miRNA-
like candidate similar to P. marneffei was differentially expressed in A78 and NK 
(AfuTmV-1) virus infected samples. Flanking regions of those candidates were 
identified and folded in order to determine the hairpin structure formation using 
the Vienna RNA package (Hofacker & Stadler, 2006). However the hairpins of the 
miRNA-like candidates identified by similarity searches on fungal miRNA-like species 
did not fulfil the conditions characteristic of canonical miRNAs. Annotations were 
also checked in the A. fumigatus genome. While the candidates similar to F. 
171 
 
oxysporum and S. sclerotiorum aligned to tRNAs, BLAST searches of candidate 
sequences similar to the P. marneffei miRNA-like species aligned with an 
unannotated genome region. As folding of those sequences was unsuccessful, they 
were not further investigated by northern blotting. 
Secondly, using the miRCat program two candidates were predicted which were 
folded into hairpin structures and differentially expressed in the virus -infected 
samples (Table 4.2).  
As a last approach, differentially expressed sRNAs, at least in two different virus 
infections simultaneously, were intensely investigated in terms of annotations. 
Following a BLAST search, sRNAs aligning to introns, UTRs, LINE transposons or no 
annotation regions were selected. Flanking regions of the important examples were 
obtained and formation of hairpin structure was checked. Five out of seven 
candidates formed hairpin structures and were further investigated by northern 
blotting (Table 4.3).   
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Table 4.3. miRNA-like candidates, their sequences and structures. Red highlighted 
parts represent mature miRNA-like species and minimum free energy (MFE) was 
given under each folded RNA. 
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4.3.3. Northern blotting 
4.3.3.1. Validation of accumulated virus-derived sRNAs 
Probes were designed according to the highly abundant virus-derived sRNA 
sequences determined from presence plots (Figures 4.11, 4.12, 4.13). For each 
virus, four virus-derived sRNAs were validated by northern blotting. A PV-derived 
sRNA and a NK (AfuTmV-1) virus-derived sRNA were 93.8% and 100% similar to the 
same strand, respectively to two different regions in A. fumigatus LINE transposons, 
which were also checked using northern blotting. 
Table 4.4. List of probes designed to validate the selected virus-derived sRNAs. 
Probe name Location sRNA sequence (5’3’) Probe sequence (5’3’) 
U1-1 CONTROL - TTCTTTGGCTCTATCCACTCTGTGGTGG CCACCACAGAGTGGATAGAGCCAAAGAA  
CV_probe_1 RdRP TGACGTAGACATACCGAGAG CTCTCGGTATGTCTACGTCA 
CV_probe_2 RdRP CAGAGTGTCTGGGGACGTACC GGTACGTCCCCAGACACTCTG 
CV_probe_3 CP CGGTCCGATGGATCTGAGGCGTC GACGCCTCAGATCCATCGGACCG 
CV_probe_4 CP GACGCCTCAGATCCATCGGACCG CGGTCCGATGGATCTGAGGCGTC 
NK_probe_1 dsRNA1 TGCACCCGTAGAGCTTGACG CGTCAAGCTCTACGGGTGCA 
NK_probe_2 dsRNA1 AGACAATGTCGGAGACGTAGG CCTACGTCTCCGACATTGTCT 
NK_probe_3 dsRNA2 TAGGGTGGCCCGGGACGAGC GCTCGTCCCGGGCCACCCTA 
NK_probe_4 dsRNA4 AGCGAGACGTCATCGACGGT ACCGTCGATGACGTCTCGCT 
NK_probe_5 NK-LINE TGGTCGACGAACACGGATC GATCCGTGTTCGTCGACCA 
PV_probe_1  RdRP ACTCTCACGCACCCAAGGAT ATCCTTGGGTGCGTGAGAGT 
PV_probe_2 RdRP TCTGGACGTTGCGAAGGGTGA TCACCCTTCGCAACGTCCAGA 
PV_probe_3 CP CTGGACAACTAGAGAGGCGGC GCCGCCTCTCTAGTTGTCCAG 
PV_probe_4 CP GCCTTGAGATCCCACAGCGGAC GTCCGCTGTGGGATCTCAAGGC 
PV_probe_5 PV-LINE TGCCTTGCCAGGCTTGGAC GTCCAAGCCTGGCAAGGCA 
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Figure 4.14. Northern blot results of A. fumigatus chrysovirus-derived sRNAs. While (-) 
represents virus-free isolate, (+) represents virus-infected isolate. Probes were labelled 
using P32 and the membrane was hybridised at 37°C overnight. The membrane was then 
exposed to a phosphorimaging plate (GE Life Sciences) at 4°C overnight. Detection was 
performed using Typhoon FLA 7000 Phosphorimager (GE Life Sciences). The same 
membrane was used for each probe by stripping off the previous probe for 2 h at 90°C. 
A: microRNA marker (NEB) 
B: CV probe 1 
C: CV probe 2 
D: CV probe 3 
E: CV probe 4 
F: Control probe U1-1 
G: RNAs on the polyacrylamide gel (Loading control) 
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Figure 4.15. Northern blot results of A. fumigatus tetramycovirus-derived sRNAs. While (-) 
represents virus-free isolate, (+) represents virus-infected isolate. In lane D the red arrow 
indicates the correct size of the sRNA. Probes were labelled using P32 and the membrane 
was hybridised at 37°C overnight.  The membrane was then exposed to a phosphorimaging 
plate (GE Life Sciences) at 4°C for overnight. Detection was performed using Typhoon FLA 
7000 Phosphorimager (GE Life Sciences). The same membrane was used for each probe by 
stripping off the previous probe for 2 h at 90°C. Red arrow indicates the band of interest 
with the correct size. 
A: microRNA marker (NEB) 
B: NK probe 1 
C: NK probe 2 
D: NK probe 3 
E: NK probe 4 
F: NK probe 5 
G: Control probe U1-1 
H: RNAs on the polyacrylamide gel (Loading control)  
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Figure 4.16. Northern blot results of A. fumigatus partitivirus-derived sRNAs. While (-) 
represents virus-free isolate, (+) represents virus-infected isolate. Probes were labelled 
using P32 and the membrane was hybridised at 37°C overnight. The membrane was then 
exposed to a phosphorimaging plate (GE Life Sciences) at 4°C overnight. Detection was 
performed using Typhoon FLA 7000 Phosphorimager (GE Life Sciences). The same 
membrane was used for each probe by stripping off the previous probe for 2 h at 90°C. 
A: microRNA marker (NEB) 
B: PV probe 1 
C: PV probe 2 
D: PV probe 3 
E: PV probe 4 
F: PV probe 5 
G: Control probe U1-1 
H: RNAs on the polyacrylamide gel (Loading control) 
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Northern blotting results showed that all of the proposed virus-derived sRNAs were 
detectable only in corresponding virus-infected sample and also the sizes were the 
correct expected sizes (Figures 4.14, 4.15, 4.16). The results were also compatible 
with the sizes present on the peaks. For instance in PV presence plots, multiple sizes 
in the same peak were observed and this phenomenon was visualised on northern  
blots of PV as the wider sRNA band reflecting more than one size of sRNA. 
Conversely, in CV and NK presence plots the peaks obtained formed mostly one size 
class and it was also observed in northern blots as sharper bands indicating one 
size.   
4.3.3.2. Validation of A. fumigatus miRNA-like species 
Five predicted miRNA-like candidates were checked using the probes listed in Table 
4.5. Out of five candidates, three of them namely Folded-1, Folded-2 and miRCat-2 
were detected in related isolates.  
Table 4.5. List of probes to detect the miRNA-like candidates. 
Name Probe sequence (5’  3’) Probe size (nt) 
Folded-1 GGTTGGACCCAGAGGGCCCTCACTCGG 27 
Folded-2 GTCACAGTCTCCGAGAATACAACTC 25 
Folded-3 CCCAGAATCATTTCCAACGCAAGC 24 
miRCat-1 ACAGTCTTGAAAATCATTCT 20 
miRCat-2 CAGTCTCAGCTCCAACGCCA 20 
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Candidate Folded-1 was a 27 nt long miRNA-like which has no annotation in the A. 
fumigatus genome and was found to be differentially expressed in all virus-infected 
isolates following bioinformatics analysis. Folded-1 was detected in all samples 
(Figure 4.17). However by quantitative northern hybridisation it was significantly 
differentially expressed (unpaired t-test with Welch’s correction) only in PV-infected 
samples when compared with the virus-free isogenic line (P= 0.0258). In the CV-
infected isolate, expression was increased but this was not statistically significant. In 
the A78 and NK (AfuTmV-1) isogenic lines, the expression on the northern blot was 
opposite than determined by bioinformatics analysis. In the NK (AfuTmV-1)-free 
isolate, the expression of Folded-1 miRNA-like was significantly higher that in the 
NK (AfuTmV-1)-infected isolate (P= 0.0018). 
Candidate Folded-2 was a 25 nt long miRNA-like which has 100% identity to a region 
of characterised A. fumigatus LINE-like transposons and found to be differentially 
expressed in CV, PV and NK virus-infected isolates by bioinformatics analysis. By 
northern blotting, the presence of this miRNA-like candidate was detected only in 
PV-infected isolate but not in CV- or NK- infected isolates (Figure 4.18).  
The third miRNA-like candidate was 20 nt long and predicted by using miRCat tool. 
By bioinformatics analysis showed that it was found in both CV-free and CV-infected 
isolates and differentially expressed in the CV-infected one. This observation was 
validated by quantitative northern blotting as shown in Figure 4.19. 
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4.3.4. Quantitative PCR for putative targets of virus-derived sRNAs 
In order to identify any potential target of virus-derived sRNAs, reads mapping to 
both the viral and fungal genome were further investigated. From the ones having 
hits in viral genome with zero mismatches and the fungal genome with up to 2 
mismatches, important genes such as pathogenicity related ones as listed in 
Appendix-I were selected to measure the expression levels in the presence and 
absence of virus infection. 
Moreover the majority of the virus-derived sRNAs were found to potentially target 
gene families that could be classified as MFS transporters, zinc/iron ion 
transporters, secondary metabolites or DNA/RNA binding proteins by manual BLAST 
analysis. Table 4.6 summarizes the sRNAs, their target genes and primers used for 
amplification. 
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Table 4.6. List of virus-derived sRNAs, their potential targets and primers used to 
amplify putative target genes. Nucleotides in red and underlined show mismatches.  
 
sRNA seq (5’   3’) 
Target gene 
accession number 
 
Primers (5’   3’) 
Ch
ry
so
vi
ru
s 
(C
V
) 
 
TTGGTGAACATCTTCCGGT 
 
 
 
pksP/alb1 
AFUA_2G17600 
 
F: TGTCCATATTGCCTTCAAGC 
 
R: GCATCTTCCATCAGGAGAGC 
 
 
TTGGGATGCTGTGATGAAGA 
   
 
musN AFUA_2G04960 
 
F: TTGCCTTTGGAATGGGTATC 
 
R: GCCTTTGTCAATCATGCTCA 
 
Te
tr
am
yc
ov
ir
us
 (
N
K
) 
 
ATCGCCAGGCATGTGAGGCG 
 
 
acyA AFUA_6G08520 
 
F: GCTTTTCCCGAGGAACAAAT 
 
R: TCTCCCACAGACTTGTGGACT 
 
 
GCCAAGAAAGTCCTCGAGGA 
 
 
kre2 
AFUA_5G10760 
 
F: TCCCTGGTGTCTGGAAAAAC 
 
R: AGAAGAAACCGGACTCGTAGC 
 
Pa
rt
it
iv
ir
us
 (
PV
) 
 
 
ACCCGTGGAGAAGACCAC 
 
 
pyrG AFUA_2G08360 
 
F: CTTCGTTATGGGTTTCGTGTC 
 
R: CCGATGCAGGAGTCTGGTAT 
 
 
TCCAGCTTCCACCGTCGCCC 
 
 
conserved 
hypothetical  protein 
AFUA_5G06560 
 
 
F: TGGCCAGTTTGCTACAGGAT 
 
R: GGTTTAGCCAAAATCGCAAC 
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Figure 4.17. Quantitative northern blot analysis of Folded-1 miRNA. Membranes were 
prepared using 4 µg sRNA. Oligonucleotides designed to detect miRNA-like candidate 
species were labelled with P32 and hybridised at 37°C overnight. A. fumigatus U1-1 small 
nuclear RNA was used as a loading control probe and the miRNA bands were normalised 
using the integrity of U1-1 bands. Relative expression levels were plotted using GraphPad 
Prism 6.0 programme and P values were estimated using unpaired t-test with Welch’s 
correction. Error bars were calculated using the standard error values. P values less than 
0.05 were accepted as statistically significantly different and illustrated by asterisk (*, ** 
mean P ≤ 0.05, 0.01, respectively; n=3). 
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Figure 4.18. Northern blot analysis of Folded-2 miRNA. Membranes were prepared using 4 
µg sRNA. Oligonucleotides designed to detect miRNA-like candidate species were labelled 
with P32 and hybridised at 37°C overnight. A. fumigatus U1-1 small nuclear RNA was used as 
a control probe to confirm the equal loading of RNA.  
  
183 
 
 
Figure 4.19. Quantitative northern blot analysis of miRNA-like candidate miRCat-2. 
Membrane was prepared using 4 µg sRNA. Oligonucleotides designed to detect miRNA-like 
candidate species were labelled with P32 and hybridised at 37°C overnight. A. fumigatus U1-
1 small nuclear RNA was used as a loading control probe and the miRNA bands were 
normalised using the integrity of U1-1 bands. Relative expression levels were plotted using 
GraphPad Prism 6.0 programme and P values were estimated using unpaired t-test with 
Welch’s correction. Error bars were calculated using the standard error values. P values less 
than 0.05 were accepted as statistically significantly different and illustrated by an asterisk 
(** means P ≤ 0.01; n=3). 
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4.3.4.1. Putative targets of A. fumigatus chrysovirus-derived sRNAs 
Two of the chrysovirus-derived sRNAs were found to have matches to the antisense 
strands of two A. fumigatus genes. One of these genes was pksP/alb1 
(AFUA_2G17600) which is an important pathogenicity and pigmentation related 
gene. It encodes polyketide synthase which is involved in biosynthesis of the 
conidial pigment and melanin (Langfelder et al., 1998). The sRNA which potentially 
targets this gene is derived from the dsRNA-1 element of A. fumigatus chrysovirus. 
It was observed that expression of pksP/alb1 was reduced in the presence of A. 
fumigatus chrysovirus infection; however this decrease was not statistically 
significant (P= 0.17; Figure 4.20A).  
The second gene, AFUA_2G04960, is the ortholog of the musN gene encoded by A. 
nidulans a DNA helicase from the RecQ family and has roles in siRNA production 
(Hofmann & Harris, 2001). The sRNA potentially targeting this gene derived from 
the dsRNA-3 element of A. fumigatus chrysovirus. No significant difference was 
observed in the expression levels of this gene between virus-free and virus-infected 
isolates (P= 0.72; Figure 4.20A).   
4.3.4.2. Putative targets of A. fumigatus tetramycovirus-derived sRNAs 
Two of the chrysovirus-derived sRNAs, which match the antisense strands of two A. 
fumigatus genes namely acyA (AFUA_6G08520) and kre2 (AFUA_5G10760), were 
chosen to determine expression levels. While the acyA gene, which was potentially 
targeted by sRNA derived from dsRNA-2 element, has a role in pathogenesis, 
conidium formation and spore germination, the kre2 gene, which was potentially 
targeted by sRNA derived from dsRNA-1 element, is concerned with pathogenesis 
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and also filamentous growth (Liebmann et al., 2003; Wagener et al., 2008). 
According to the qPCR results, no statistically significant difference was observed in 
the expression of these two genes between A. fumigatus tetramycovirus-free and -
infected isolates (P > 0.05; Figure 4.20B). 
4.3.4.3. Putative targets of A. fumigatus partitivirus-derived sRNAs 
It was observed that two different sRNAs derived from the dsRNA-2 element of A. 
fumigatus partitivirus match the antisense strands of the A. fumigatus pyrG 
(AFUA_2G08360) gene and a conserved hypothetical protein (AFUA_5G06560). The 
A. fumigatus pyrG gene is known to have a role in pathogenesis (Weidner et al., 
1998). The importance of the conserved hypothetical protein is the fact that its 
orthologs have a role in chromatin silencing (Cerqueira et al., 2014). The expression 
level of pyrG gene was found to be significantly lower in PV-infected than PV-free 
samples (P= 0.000046; Figure 4.20C). However no statistically significant difference 
was observed in the expression of the conserved hypothetical protein (P= 0.52; 
Figure 4.20C). 
4.3.5. Identification of sRNA-producing loci 
The sRNA locus approach was used to identify putative regions which produce 
sRNAs as described previously in tomato (Mohorianu et al., 2013). As there is no 
information available concerning the A. fumigatus sRNA profile, including no known 
miRNA loci, miRNA-like or heterochromatin loci, it was relevant to determine sRNA 
loci on the A. fumigatus genome and investigate whether these are differentially 
expressed following virus infection.   
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Figure 4.20. Expression levels (relative to β-tubulin) of genes putatively targeted by A. 
fumigatus chrysovirus (A), tetramycovirus (B) and partitivirus (C) -derived sRNAs. Relative 
expression levels were plotted using GraphPad Prism 6.0 programme and P values were 
estimated using two-tailed Student’s t-test with unequal variance. Error bars were 
calculated using the standard error values. P values less than 0.05 were accepted as 
statistically significant difference and illustrated by an asterisk (* mean P ≤ 0.05; n=3). 
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Differentially expressed loci (-2 ≥ DE or DE ≥ 2; more abundant in either the virus -
free or virus-infected samples) between each virus-free and virus-infected isogenic 
line were annotated in order to determine the loci which may have a regulatory role 
in the presence or absence of virus infection (Figure 4.21).  
In the presence of A78 virus infection, the loci annotated as hasB and hasE genes 
involving in secondary metabolite synthesis process and the aspf1 gene which has 
endonuclease activity were differentially expressed. In the absence of A78 virus, 
differentially expressed loci matched with the pyrG gene which is an important gene 
for pathogenesis (Figure 4.21A). Loci analysis revealed that in the presence of CV 
infection sRNAs may come from the sidD gene involved in secondary metabolite 
synthesis mechanism and also the ace1 gene which is C2H2 transcription factor 
(Figure 4.21B). While in the presences of the NK virus, rab7 and gliZ genes were 
determined as putative sources of sRNA, in the absence of the NK virus the regions 
including cafA and nrps8 genes were differentially expressed. Besides these 
observations in the presence of NK and PV infection, it is noted that LINE 
transposon related ORFs have higher expression (Figure 4.21C&D, respectively). 
Intersection analysis was also performed to determine any common sRNA 
production region however none was detected at the high end of DE.  
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Figure 4.21. Histograms showing the differentially expressed (-2 ≥ DE or DE ≥ 2) sRNA loci 
and annotations (continuation of the figure and legend is overleaf)  
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Figure 4.21. Histograms showing the differentially expressed (-2 ≥ DE or DE ≥ 2) sRNA loci 
and annotations (continuation of the figure and legend is overleaf)   
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Figure 4.21. Histograms showing the differentially expressed (-2 ≥ DE or DE ≥ 2) sRNA loci 
and annotations. The sRNA loci of all four viruses were identified and expressions plotted 
for A78 (A), CV (B), NK (C) and PV (D). Annotations of the regions of putative sources of 
sRNAs were presented in red to indicate the ones differentially expressed in virus-infected 
and in blue to indicate the ones differentially expressed in virus-free conditions. 
Comparisons were made for all combinations (1_1: virus_free_rep1 and 
virus_infected_rep_1; 1_2: virus_free_rep1 and virus_infected_rep_2; 2_1: virus_free_rep2 
and virus_infected_rep_1; 2_2: virus_free_rep2 and virus_infected_rep_2). 
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4.4. Discussion 
The main results of the study were as follows:  
i) Libraries were generated from all isolates and sequencing data passed the 
quality checks without showing any obvious ligation bias. 
ii) Virus-derived sRNAs were detected in the presence of CV, NK and PV 
infections. 
iii) Assembly of A78 viral genome could not be achieved using sRNA next 
generation sequencing. 
iv) First miRNA-like candidates in A. fumigatus were identified. 
v) Potential targets were determined what gave an idea about possible 
degradation by virus-derived sRNAs. 
vi) Putative sRNA regions in the host genome during virus infection were 
identified.  
4.4.1. Technical aspects 
Recently, the use of NGS technology has driven rapid achievement in sRNA profiling. 
However, library construction is one of the limiting factors of this technique as the 
success of the sequencing relies on successful library construction. With poor library 
material, the sequencing could yield reads which are insufficient to analyse, 
contaminated with rRNA or biased due to used adapter/RNA ligase. In order to 
improve this, RNA is crucial as being starting material and needs to be pure and 
concentrated enough to be fractionated into sRNAs. This limiting point can be 
achieved by recent improvements and rapid methods giving high yields of sRNAs 
such as using kits and solvents. However ligation bias in other words preference of 
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the RNA ligase has the risk of generating incorrect data such as inaccurate 
composition of sRNAome. It was stated that this problem could be caused by using 
the same T4 RNA ligase for adapters at both ends and achieved by using truncated 
version of T4 RNA ligase in combination with an adenylated 3’ adapter (Hafner et 
al., 2008). The sRNA profile also depends on the adapters used as different sRNA 
profiles can be produced when different adapters are used. It was shown that 
Illumina adapters introduce bias and a solution to this problem was found when 
degenerate high definition adapters were used to reduce the ligation bias by adding 
four degenerate N nt to the Illumina adapters (Sorefan et al., 2012). This method 
was found to decrease the bias arising from Illumina adapters in many biological 
samples (Sorefan et al., 2012; Xu et al., 2014a).  
In the current study, the ScriptMiner kit used to construct the libraries  which utilises 
two different T4 RNA ligases which reduce the risk of ligation bias. The sequence of 
the adapters was also different from the Illumina adapters. Even though there are 
no reports of any ligation bias due to ScriptMiner adapters, it could also have 
preferential tendencies. Therefore HD-adapters were also used to compare the 
sRNA profile obtained with ScriptMiner adapters. As most of the abundant sRNA 
sequences were present in both libraries generated with different adapters, it can 
be concluded that libraries were similar and reliable for further analyses.  
Another technical point to discuss is the genome of A. fumigatus and how well it 
has been annotated. As mentioned in Chapter 2, A. fumigatus genome Af293, 
version s03-m04-r22 was used for genome mapping and other bioinformatics 
analysis. It has to be taken to the account that some parts  of the genome 
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annotations may overlap. Therefore it is important to check the intersections 
between annotation groups before making any firm conclusions. In Table 4.7., 
intersections were demonstrated between annotation groups along with the viral 
reads. Here it also has to be mentioned that according to the last update in the 
Aspergillus Genome Database (AspGD), only 4.71% of the A. fumigatus genome has 
been verified and the remainder numerous uncharacterised ORFs (Cerqueira et al., 
2014).  
Table 4.7. Summary of intersection tables. Fungal and virus genomes and coding 
regions, 3’-UTRs, 5’-UTRs, promoter and LINE annotation classes were used. 
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4.4.2. Virus-derived sRNAs 
In this chapter, sRNA profiles of four different mycovirus-infected A. fumigatus 
isolates were investigated using NGS. These viruses are all dsRNA viruses but are 
members of different virus families each possessing different properties as 
described in Chapter 1. Therefore, it was anticipated that differences in the sRNA 
profiles would be found concerning both the A. fumigatus host and the virus 
profiles. From the results it is clear that vsiRNAs sizes ranging between 19-25 nt 
were produced from AfuCV, AfuPV and AfuTmV-1. For instance, it is notable that 
while sRNAs derived from AfuCV and AfuTmV-1 have a size range of 20-21 nt and 
gave a positive signal band following northern hybridisation analysis, sRNA derived 
from AfuPV possesses multiple size variants of the same sequence which can be 
visualised in presence plots which correlate with northern analysis which 
demonstrated a wider band compromising several bands of each size. It was shown 
previously that in A. thaliana DCL-1 generated 21 nt sRNAs from ssDNA virus while 
DCL-4 has a role in silencing RNA viruses (Blevins et al., 2006; Deleris et al., 2006). 
Conversely, it has been demonstrated that in D. melanogaster, Dicer-2 has role in 
cleavage of diverse viruses including one DNA virus and three different RNA viruses 
with different coding properties (Sabin et al., 2013). Since different size class 
specificities for different viruses have been demonstrated in this study it is 
important to investigate whether different A. fumigatus Dicers are responsible for 
these observations. It can be speculated that at least two different Dicers may 
function while one type can cleave both AfuCV and AfuTmV-1 dsRNAs and a second 
type might cleave AfuPV dsRNA. The generation of Dicer knock-out could be useful 
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and very informative in understanding the differences between vsiRNA and also 
Dicer activities. Virus titrations can be checked in different Dicer mutants and 
compared to reveal which Dicer or Dicers are responsible for silencing different A. 
fumigatus mycoviruses as done recently in insects (van Cleef et al., 2014). Taking 
the results from Chapter 3 into account, it can also be seen that AfuPV infection has 
different effect on expression of RNA silencing genes. This could be another reason 
to further investigate virus titration in order to understand the effect of AfuPV on 
RNA silencing which also resulted in a different sRNA profile from the other two A. 
fumigatus mycoviruses.   
A number of studies have demonstrated the presence of mycovirus-derived sRNAs 
in fungi; however none of these utilised NGS technology to sequence sRNA libraries. 
In these, investigations the levels of accumulation of mycovirus derived sRNAs were 
compared with the sRNA accumulated from plant viruses and found to be lower in 
mycoviruses (Segers et al., 2007; Hammond et al., 2008b; Zhang et al., 2008b; 
Himeno et al., 2010). However these results were obtained from northern 
hybridisation analysis apart from siRNA cloning and sequencing as described by 
Himeno et al. (2010). It is indisputable that NGS provides the opportunity to 
investigate viral sRNA profiles deeply and is more informative than the earlier 
studies that were technically limited. In previous studies, it was also proposed that 
encapsidation is an evolutionary protection factor which viruses have developed to 
resist host RNA silencing mechanisms. It was stated that viral genomes inside the 
virions or capsid were less likely to be recognised by host silencing machinery unless 
their genome were exposed at some point during replication (Zhang et al., 2008b; 
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Himeno et al., 2010). However recently this assumption has been refuted since 
encapsidated mycoviruses have been shown to be targeted by host RNA silencing 
machinery (Himeno et al., 2010; Chiba et al., 2013a,b; Li et al., 2013). The 
mechanism behind the phenomenon is still unknown; however an explanation 
might be found following investigations on viral replication particularly replication 
intermediates which could represent cytoplasmic, naked forms of dsRNA (Voinnet, 
2001; Ahlquist, 2006; Flynt et al., 2009; Guo et al., 2012; Li et al., 2013). Additionally 
viruses can encode silencing suppressors which could be considered as another 
proof that encapsidation is not sufficient to protect the virus and there might be 
some variations in the virus-host interactions (Himeno et al., 2010).To date, virus-
derived sRNAs have been discovered in mycovirus families with (+) RNA genome 
Hypoviridae and dsRNA genome Partitiviridae, Totiviridae and Reoviridae, but not in 
the Chrysoviridae.  
Another interesting point observed in sRNAome of A. fumigatus mycoviruses was 
that different viruses had distinct patterns of strand distribution despite the fact 
that they all have dsRNA genomes. Asymmetry in the strand polarity is very 
common in ssRNA plant viruses and recently it was shown that in two different 
insect viruses diverse strand polarity was common (Molnar et al., 2005; Nandety et 
al., 2013; Li et al., 2014). It was reported that mapping of the sRNAs to Homalodisca 
vitripennis reovirus (HoVRV) genome were predominantly to the negative-strand 
despite the fact that it possessed a dsRNA genome (Nandety et al., 2013).  It is also 
important to ask the question whether this information could be linked to the 
replication properties of dsRNA viruses or not as it may be the indicator that 
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encapsidated dsRNA would be exposed to the cytoplasm in another form such as 
replication intermediate which could be targeted by host RNA silencing. In order to 
further investigate the replication of the A. fumigatus mycoviruses, quantitative 
northern blotting with sense and antisense probes could be designed to investigate 
these aspects. 
One hypothesis proposed in this thesis is that vsiRNAs regulates  host mRNA 
expression and that phenotypic changes in A. fumigatus occurring following virus-
infection may be the results of simultaneous silencing of mycovirus dsRNAs and 
sequence-specific degradation of host mRNAs. However, it is not known how these 
vsiRNAs target the mRNAs and it is important to determine putative targets. This 
kind of regulation was reported in C. elegans and in plants infected with viruses 
(Shimura et al., 2011; Smith et al., 2011; Guo et al., 2012; Cao et al., 2014). By using 
qPCR, the expression levels of the genes potentially targeted by virus -derived sRNAs 
were checked and a reduction in expression level in virus infection was determined 
for some of them. For instance pskP, a key gene for pigmentation and also 
pathogenesis is down-regulated in CV-virus infected fungal isolates and it is 
hypothesised that this is related to pigmentation changes occurring when virus is 
introduced to the host. However, this down-regulation was not statistically 
significant (P= 0.17) and the phenotypic change can only be partially explained by 
assessing expression levels. Another finding from qPCR assays was that the 
expression of pyrG gene which is important for filamentous growth and 
pathogenicity was reduced (P= 0.000046). Depending on this hypothesis, it was 
considered that the observed phenotypic changes could be the cause of sequence-
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specific mRNA degradation by vsiRNAs. To further investigate these aspects 5’-RACE 
assay will be performed to show degradation products of genes of interest (Franco-
Zorrilla et al., 2009). This information would be preliminary data for whole 
degradome sequencing which could be considered as a future plan (German et al., 
2008). 
4.4.3. Discovery of first microRNA-like species in A. fumigatus 
It was indicated that in the presence of virus infection, miRNA expression can be up  
regulated in both animals and plants (Zhang et al., 2007; Hussain & Asgari, 2014). 
Therefore, current data was analysed in order to identify miRNA-like reads 
differentially expressed between virus-free and virus-infected samples. The 
candidates summarised in Table 4.3 were further investigated and three novel 
miRNA-like species were confirmed in A. fumigatus for the first time. However, in 
case of Folded-1, it was observed that differential expression did not match with the 
bioinformatics results even though its presence was confirmed. Folded-1 was 
considered as a host RNA silencing product for antiviral defence, and it was 
confirmed that in the presence of AfuPV and AfuCV infection, expression of this 
miRNA-like candidate species increased significantly in the former but not the 
latter. Another miRNA-like candidate, which was increased following AfuCV 
infection, was validated and matched with the bioinformatics analysis in terms of 
differential expression. It should be noted that miRNAs are well documented in 
animals and plants but there is still limited information about fungal miRNAs (Lee et 
al., 2010a). Recently, miRNA-like species have been identified in fungi; however 
none of those fungi were infected with viruses (for references see Table 4.1). As 
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summarised in Table 4.1, size classes of identified miRNA-like species in fungi vary in 
size between 17-30 nt, which represents a difference from the pattern of the size 
classes observed in animals (22mers; Bartel, 2004) and plants (21mer; Axtell, 2013). 
As the primary aim of the current study was to identify vsiRNAs, the library band 
including 20 nt sRNAs was sequenced. As a second step, different sizes of library 
band can be sequenced in order to identify any potential miRNA-like species larger 
than 30 nt (Figure 4.22). 
4.4.4. Assembly of A. fumigatus A78 virus  
Viral genome assembly and discovering novel viruses using the data obtained from 
sRNA sequencing in an emerging application (Wu et al., 2010; Donaszi-Ivanov et al., 
2013; He et al., 2014; Xu et al., 2014b). As mentioned before, assembly of A78 virus 
genome from sRNAs was proposed but is yet to be achieved. There might be several 
reasons related to this problem such as sRNA profile represented in the sequencing 
data, host silencing response to this particular virus, the reliability of the programs 
used for contig assembly and also presence of the virus in the sample. It can be 
clearly seen in the annotations table (Appendix-IV) that the proportions of fungal 
matching reads remain similar in A78 virus-free and virus-infected samples whereas 
in all other three mycovirus infection the proportion is reduced in virus-infected 
isolates replacing the proportions with viral matching reads. Taking into account 
that the presence of all viruses was confirmed prior to sRNA sequencing, it can be 
considered that there might be no sRNA derived from the A78 viral genome. This 
virus might not be targeted by the host sRNA silencing machinery as was shown in 
Aspergillus virus 178 (Hammond et al., 2008b). This virus has also very distinct 
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phenotype and hypervirulent effect on growth as described in Chapter 5, which 
could also help to explain the point of view that no sRNAs was produced from this 
virus.  
However there is not enough evidence to prove this suggestion and it could also be 
a technical problem while the assembly of the contig was applied using  the Velvet 
program (Zerbino & Birney, 2008). However the results such as length of contigs, 
coverage and the fact that only tRNA/rRNA alignment was obtained from the 
assembly process. Therefore, new methodology such as newly released program 
called SearchSmallRNA could be informative (de Andrade & Vaslin, 2014). 
4.4.5. Reads matching to the long interspersed nuclear elements (LINEs)  
Another interesting outcome of the sRNA sequencing data was that a high 
proportion (between 30% and 60%) of reads matched to LINEs. Additionally, AfuPV 
and AfuTmV-1 have similarity to different regions of LINEs which were detected by 
northern blotting. Moreover, BLAST (Altschul et al., 1990) results of one miRNA-like 
candidate species matched to a region of LINEs. 
A recent study on the sRNA transcriptome of Magnaporthe oryzae revealed that 
high proportion of the sRNAs were derived from retrotransposons, which might be 
the result of stress (Raman et al., 2013). It has recently been reported that LINEs 
were found to be the source of at least one miRNA in mammalian somatic tissue 
(Castellano & Stebbing, 2013). Furthermore, a class of non-LTR retrotransposons 
belonging to the Tad clade in A. fumigatus has been identified and it has been 
stated that they have potential to affect gene silencing (Huber & Bignell, 2014).  
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Figure 4.22. Polyacrylamide gel showing 20 nt and 30 nt sRNA size libraries. Libraries were 
constructed using ScriptMiner Small RNA Library kit (Epicentre). ScriptMiner adapters add 
113 nt to the sample and library band were expected around 133 nt for 20 nt sRNA size (red 
arrow) and 143 nt for 30 nt sRNA size (green arrow).  
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In conclusion, the present finding on LINEs could lead to further investigations to 
confirm whether LINEs could be active in A. fumigatus RNA silencing mechanisms. 
It is also possible that LINEs may have roles in triggering RNA silencing in the 
presence of dsRNA mycoviruses and target the viral genomes. Besides, these could 
be the reads regulating at the transcriptional level, similar to heterochromatin reads 
in plants (Sun et al., 2013; Creasey et al., 2014) and piRNAs in animals derived from 
retrotransposons (Saito et al., 2006). However the interaction between LINEs and 
mycoviruses and siRNAs has never been reported. It could also be considered that 
LINEs and viruses may share some common aspects in evolution as they share some 
sequence similarity. Even though in the data presented here it still remains elusive, 
it is clear that there are some potential interactions between virus infection and 
LINEs in terms of sRNA production, reflecting that LINEs have potential to be the 
origin or targets of sRNAs. This can be supported by the results of sRNA loci 
analyses revealing that in the presence of NK and PV infection, the regions 
potentially producing sRNAs matched the sequence of LINE transposons.  
4.4.6. sRNA-producing loci and annotations 
sRNA loci analysis allowed us to identify the putative sRNA regions in the host 
genome during virus infection. The most notable observation revealed from the loci 
analysis was that in the presence of NK and PV infections, sRNAs were potentially 
produced form the regions coding LINE transposons. As it was discussed in the 
previous section (4.4.5), LINEs have potential to be the origins of sRNAs. 
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The second important observation was that pathogenicity and secondary 
metabolite process-related genes were identified as sRNA sources in A. fumigatus 
by sRNA loci analysis. In fungi, secondary metabolites were shown to be 
advantageous in extreme conditions and also essential for fungal pathogenicity. 
Secondary metabolites such as melanin which contributes to fungal pathogenicity, 
siderophores involving in iron metabolism or gliotoxin enhancing virulence were 
shown to be important contributors of pathogenicity in A. fumigatus (Scharf et al., 
2014). It has been reported that in the normal growth conditions, the secondary 
metabolite biosynthesis clusters in the fungal genome are silent and not transcribed 
(Brakhage, 2013).  
It might be anticipated that A. fumigatus secondary metabolite genes might be 
activated during virus infection as a stress response. Hence it will be worthwhile to 
further investigate the genes potentially involving in sRNA production in A. 
fumigatus. 
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Chapter 5 
(Results 3) 
Testing the effects of mycoviruses on the pathogenicity of  
Aspergillus fumigatus using the Galleria mellonella infection model 
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5.1. Introduction 
Larvae of the greater wax moth Galleria mellonella have been used as a model 
organism to evaluate the virulence of fungal pathogens and the effects of 
antimicrobial drugs (Mowlds & Kavangh, 2008). Indeed, several studies have 
employed G. mellonella to assess the pathogenicity of bacteria such as 
Pseudomonas aeruginosa (Andrejko et al., 2009) and Legionella pneumophila 
(Harding et al., 2012), yeasts such as Cryptococcus neoformans (Mylonakis et al., 
2005), Candida albicans (Brennan et al., 2002) and fungi such as A. fumigatus 
(Reeves et al., 2004; Fallon et al., 2011).  G. mellonella larvae offer a variety of 
advantages such as temperature range in which they can survive, common 
characteristics with the mammalian immune system, simplicity of handling, ease of 
injection due to size and shortness of the monitoring time of the infections (Fuchs 
et al., 2010).  
In addition to these advantages, due to melanisation, which occurs as a result of 
innate immune response in G. mellonella, the effects of pathogens can be 
monitored easily. In Figure 5.1., melanin formation during fungal infection was 
shown. While the cellular immune system of G. mellonella depends on 
phagocytosis, the humoral immune system is based on secreted antimicrobial 
proteins and molecules. As a part of humoral response, an activated zymogen 
present in hemolymph, namely phenoloxidase, catalyses melanin formation by 
which the larva defends itself against pathogens (Boman & Hultmark, 1987; 
Gillespie et al., 1997).  
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Figure 5.1. Melanisation due to fungal infection.   Melanisation in G. mellonella larvae 
infected with 1x105 A. fumigatus spores in 0 h (A), 24 h (B) and 72 h (C) post-infection.   
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The effects of mycoviruses on the fitness and pathogenicity of A. fumigatus was 
investigated by generating virus-infected and virus-free isogenic lines from isolates 
originally infected with Aspergillus fumigatus chrysovirus (AfuCV) and Aspergillus 
fumigatus partitivirus-1 (AfuPV-1). Infection of A. fumigatus with either the 
chrysovirus (CV) or the partitivirus (PV) resulted in significant aberrant phenotypic 
alterations in vitro and attenuation of fungal growth but had no effects on 
susceptibility to common antifungals. Furthermore, CV infection of A. fumigatus 
caused no effect on pulmonary fungal burden as estimated by quantitative PCR or 
any significant alterations to murine pathogenicity (Bhatti et al, 2011b).  
5.2. Aims and scope 
The aim of this chapter is to test the effects of mycoviruses on the pathogenicity of 
opportunistic human pathogen A. fumigatus. Assessment of virulence in the 
presence and absence of mycoviruses in A. fumigatus is pivotal to understanding its 
pathogenicity. The greater wax moth G. mellonella was chosen as an infection 
model to assess the impact of mycoviruses on the host.  
5.3. Results 
5.3.1. Determination of the optimal spore concentration of A. fumigatus for 
pathogenicity testing in G. mellonella 
In initial experiments, larvae were injected with serially diluted spore suspensions 
ranging in concentration from 1x104 to 1x107 spores in order to determine the 
optimal spore concentration to facilitate clear observations of the pathogenicity of 
virus-free and virus-infected isolates as all eight isolates under investigation 
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exhibited different phenotypes including pigmentation and sectoring when grown 
on solid ACM.  
Two contrasting isolates of A. fumigatus were selected to determine the 
appropriate inoculum concentration for the investigation. These were the fastest 
growing A78-infected isolate and the slowest growing PV-free isolate (Figures 5.2A 
and 5.2B, respectively). An infectious dose of 1x107 spores/larva resulted in 100% 
mortality within 24-48 h whilst a dose of 1x104 spores/larva was not infectious 
(Figures 5.2A and 5.2B). A concentration of 1x105 spores/larva was chosen as 
optimal since its intermediate pathogenicity level facilitated determining 
differences in virulence between the different isolates. In these experiments, which 
were duplicated, control larvae comprised three classes: i) untouche d control (UTC), 
ii) pierced control (PC) and iii) PBS injected control (PBS) survived until the end of 
the observation period (120 h).  
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Figure 5.2. Determination of the optimal spore concentration of A. fumigatus for 
pathogenicity testing in G. mellonella (legend is overleaf) 
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Figure 5.2. Determination of the optimal spore concentration of A. fumigatus for 
pathogenicity testing in G. mellonella. G. mellonella larvae were injected with 
conidiospores of A. fumigatus strains A78-infected (A) and PV-free (B) using 1x107, 1x106, 
1x105 and 1x104 conidiospores per larva. Infected larvae were then incubated at 37 °C and 
monitored daily for 5 days. At the dose of 1x107 spores per larva the fungus killed almost all 
larvae dramatically within 24 h in both strains. It was impossible to see any difference 
between the two strains at a dose of 1x106 spores per larva, whereas a concentration of 
1x105 spores per larva was optimal to observe any possible differences in pathogenicity of 
A. fumigatus strains as indicated above (n=3).  
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5.3.2. Survival rates of G. mellonella larvae following infection with A. fumigatus 
No death was observed in the control larva groups during the observation period.  
All eight isolates used in this study (Table 2.1) were highly virulent as compared to 
the avirulent Δpaba isolate following injection of larvae with 1x105 spores/larva 
(P<0.0001). Melanisation, which is a strong evidence for fungal growth and an active 
immune response, was observed in all infected larvae within 18 h post-injection 
except those injected with Δpaba.  
There were no significant differences between the survival rates of CV-free and CV-
infected A. fumigatus isogenic lines (P=0.87; Figure 5.3A). Also, there were no 
significant differences in the survival rates of A. fumigatus PV-free and PV-infected 
injected moth larvae (P=0.15; Figure 5.3B). 
However, there were statically significant differences in the survival rates of the 
A78-free and A78-infected A. fumigatus isogenic lines (P<0.01; Figure 5.3C) and the 
NK-free and NK-infected A. fumigatus isogenic lines (P<0.05; Figure 5.3D).  This 
suggested that both virus-infected NK and A78 A. fumigatus isolates were more 
virulent than the corresponding virus-free isogenic lines in G. mellonella. 
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Figure 5.3. Survival curves of G. mellonella larvae infected with virus-free and virus-
infected isolated of A. fumigatus (continuation of the figure and legend is overleaf)  
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Figure 5.3. Survival curves of G. mellonella larvae infected with virus-free and virus-
infected isolated of A. fumigatus. Survival curves were plotted using mean survival of G. 
mellonella larvae infected with PBS (control) or 1x105 spores /larva of virus-free and virus-
infected A. fumigatus isolates over a 5 day incubation period.  The A. fumigatus Δpaba 
strain was used as an avirulent control in each experiment. Survival curves were plotted and 
statistically analysed according to Kaplan-Meier estimation using the GraphPad Prism 6.0 
programme and P values were estimated using Log rank and Wilcoxon tests (n=3).  
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5.3.3. Assessment of fungal burden 
Quantitative PCR was performed using the expression of the A. fumigatus β-tubulin 
gene as an indication of fungal growth and burden in moth larvae inoculated with all 
isolates (Table 1). The actin gene that was used as an internal control remained at 
the same level in all of the qPCR experiments and, as anticipated for a negative 
control, there was no β-tubulin gene expression at both time points in all PBS 
injected larvae (Figure 5.4). In Δpaba injected larvae, higher Ct values meaning less 
expression were detected when compared to the virus-free and virus-infected 
isolates. Expression levels of the β-tubulin gene in the larvae incubated for 6 h post 
injection with Δpaba isolate were only significantly lower than the larvae injected 
with CV-infected isolate (P= 0.0375). However the expression of fungal β-tubulin 
was significantly lower in Δpaba as compared to all other virus-free and virus-
infected strains at 48 h (P= 0.02-0.002).  
The expression levels of β-tubulin were not significantly different between the virus-
free and virus-infected couplets of CV, PV and NK at both time points (P>0.05; 
Figures 5.4A, B and D). However, fungal β-tubulin gene expression “fungal load” in 
A78-infected as compared with the A78-free strain, was significantly higher at 48 h 
(P= 0.0075; Figure 5.4C). This indicated that A78-infected isolate was capable of 
faster growth in G. mellonella larvae than the A78-free isolate increasing the fungal 
burden.  
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Figure 5.4. Quantitative PCR showing fungal burden in virus-free and virus-infected A. 
fumigatus isolates (continuation of the figure and legend is overleaf) 
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Figure 5.4. Quantitative PCR showing fungal burden in virus-free and virus-infected A. 
fumigatus isolates. Cycle of threshold (Ct) values indicate the cycle where the DNA 
amplification was first detectable. Since the Δpaba strain is avirulent, the Ct values for the 
β-tubulin gene were only detected in later cycles. Expression levels of moth actin and fungal 
β-tubulin gene are shown in the CV-free/infected couplet (A), in the PV-free/infected 
couplet (B), in the A78-free/infected couplet (C) and in the NK-free/infected couplet (D).  
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5.4. Discussion 
The main results of the study were as follows:  
(i) A dose of 1x10⁵ spores/larva was optimal for determination of 
differences in survival rates between virus-free and virus-infected A. 
fumigatus isogenic lines.  
(ii) There were no significant differences between the survival rates of CV-
free/-infected and PV-free/-infected A. fumigatus isogenic lines.  
(iii)  The survival rates of moth larvae infected with A78-free and NK-free 
isolates were significantly higher than those infected with A78-infected 
and NK-infected isolates, respectively.  
(iv) The fungal load determined by qPCR was significantly higher in the A78-
infected A. fumigatus isolate as compared to the A78-free isolate. 
5.4.1. G. mellonella as an infection model 
Fungal or bacterial infection studies have been traditionally based on the murine 
model.  However even though this model shares important aspects with the human 
immune system and physiology, it has ethical and logistical limitations (Arvanitis et 
al., 2013).  Many studies which have used the invertebrate infection model including 
the amoebae (Mylonakis et al., 2007), Caenorhabditis elegans (Muhammed et al., 
2012) and Drosophila melanogaster (Lionakis and Kontoyiannis, 2012) have 
enlightened us in several aspects of fungal pathogenesis. Larvae of G. mellonella 
were first used to test the effects of entomopathogenic fungus Metarhizium 
anisopliae and it has become the preferred model to study fungal pathogenesis and 
also anti-fungal drugs (Gotz et al., 1997; Arvanitis et al., 2013). 
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The efficiency and compatibility of the moth infection model has been verified in 
several studies on important human fungal pathogens (Brennan et al., 2002; 
Mylonakis et al., 2005; Reeves et al., 2004). The advantages and limitations of this 
infection model have been reviewed extensively in relation to vertebrate and other 
invertebrate models (Desalermos et al., 2012; Arvanitis et al., 2013). Figure 5.5 
summarises the comparative characteristics of murine and invertebrate models.  
The virulence of A. fumigatus mutants appears to be identical in both murine and G.  
mellonella infection models (Slater et al., 2011; Vaknin et al., 2014). Thus, our 
investigations on the effects of mycoviruses on virulence in the fungus have 
confirmed the utility and reliability of the moth model. The latter, is an inexpensive 
and easily manipulable alternative to the murine model, giving reproducible results 
and promises to be an invaluable tool for further investigations on fungal virulence. 
The only limitation it currently has is that G. mellonella genome has not been 
sequenced yet (Arvanitis et al., 2013).  
5.4.2. Optimum infectious spore concentration of A. fumigatus 
Numerous reports on optimising the concentration of A. fumigatus spores for use in 
G. mellonella larvae pathogenicity testing have been documented (Jackson et al., 
2009; Slater et al., 2011). However, the current study was the first to test mycovirus 
infected A. fumigatus isolates and it was necessary to determine the optimal dosage 
for virulence of different isolates.  
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Figure 5.5. Comparative characteristics of the organisms used as infection models. 
Advantages of the organism are shown as pluses and highlighted with red shading. For the 
compared properties, G. mellonella is the most suitable model for an inexpensive infection 
model to investigate A. fumigatus (adopted from Desalermos et al., 2012). 
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As compared with previous studies on A. fumigatus described by Slater et al., (2013) 
and Fallon et al., (2011), a lower dose of spores were shown to be superior for 
determining differences between virus-free and virus-infected couplets. This finding 
would imply that mycovirus infections are able to alter fungal growth hence a lower 
initial concentrations still become lethal post-infection.  
5.4.3. Effects of mycoviruses on A. fumigatus pathogenicity 
Mycoviruses are increasingly being reported in a wide range of major fungal groups, 
including animal and plant pathogens (van Diepeningen et al., 2008). While many of 
them have no or few obvious effects on their host fungi, some do elicit phenotypic 
alterations including hypovirulence and host debilitation or less frequently 
hypervirulence (Ghabrial & Suzuki, 2009). Hypovirulence effects have been shown to 
occur in many fungal species including several important plant pathogens e.g. 
Sclerotinia sclerotiorum (Boland, 1992), Botrytis cinerea (Castro et al., 2003; 
Potgieter et al., 2013), Cryphonectria parasitica (Choi & Nuss, 1992; Nuss, 2005) and 
Fusarium virguliforme (Marvelli et al., 2014). Hypovirulence is of great interest due 
to its potential for biocontrol of fungal diseases (Nuss, 2005).  An association 
between the presence of dsRNA and hypovirulence has been documented for 
several Aspergillus spp. (Elias & Cotty, 1996; van Diepeningen et al., 2008). In 
Aspergillus, it also has been showed that phenotypic alterations such as growth rate 
and pigmentation can be the result of RNA silencing process against mycoviruses 
(Hammond et al., 2008b). In A. fumigatus, where CV and PV infections caused 
significant phenotypic effects, reduced growth rate and hypovirulence with no effect 
on murine pathogenicity or fungal burden caused by chrysovirus infection (Bhatti et 
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al., 2011b). Although the effects of PV on phenotype of the fungus such as 
pigmentation and sectoring were previously shown, its effect on pathogenicity was 
not tested (Bhatti et al., 2011b). In this study the effect of PV infection was 
investigated for the first time and revealed that PV infection did not alter the 
pathogenicity of A. fumigatus in G. mellonella. In the present investigation, our 
findings on CV infection are in agreement with previous results obtained using the 
murine model. This suggests that G. mellonella, whose immune system shares 
fundamental properties with the mammalian immune system, is a useful infection 
model to assess the effects of mycoviruses on A. fumigatus. Previous observations 
on CV infection have largely been confirmed and extended in this investigation. The 
potential therapeutic significance of mild hypovirulence caused by CV infection of A. 
fumigatus is yet to be explored (van de Sande et al. 2010). Assessment of the fungal 
load has been used commonly in antifungal drug studies using both mouse 
(Bowman et al., 2001) and G. mellonella infection models (Mesa-Arango et al., 
2013).  
There are examples of beneficial effects of dsRNA mycoviruses on their hosts such 
as Phytophthora infestans dsRNA virus-2 (PiRV-2), a mycovirus of the phytopathogen 
P. infestans, which causes devastating diseases of potato and tomato. Here it was 
found that PiRV-2 infection is associated with enhanced sporulation and high 
aggressiveness as compared to a virus-free isogenic line (Cai & Hillman, 2013). 
Similarly increased activity in sporulation, pigmentation and high levels of virulence 
has also been shown in the presence of 6.0 kbp dsRNA mycovirus in N. radicicola 
(Ahn & Lee, 2001). Infection of A. fumigatus with both A78 and NK mycoviruses 
caused a significant increase in radial growth in the former and virulence of both 
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isolates in the moth model. These results were to be expected since the number, 
size and sequence of the dsRNAs associated with mycovirus infection in both the A. 
fumigatus A78 and NK isolates were very similar and both appeared to be infected 
with strains of the same virus (Fig. 1, unpublished observations). Although, AMM 
contains the minimum ingredients for fungal growth and the A78 virus -infected 
isolate grew faster than the virus-free one. This would suggest that A78 virus 
infection confers significant advantages for the growth of the host.  The significant 
increase in radial growth which can be observed clearly in AMM rather than ACM 
and virulence in the moth model are suggestive of hypervirulence.  
The significant increase in growth and virulence in the moth model are  suggestive of 
hypervirulence. The hypervirulent nature of A78 virus was also supported at the 
molecular level following assessment of the fungal burden as assessed by qPCR.  
In conclusion, G. mellonella is a useful model that can produce results compatible 
with other model organisms employed for investigation of A. fumigatus 
pathogenesis in the presence of mycovirus infection. It is very important to reveal 
the potential regulatory role of mycoviruses in their host in order to cope with this 
important human opportunistic pathogen as potential hypervirulent effects of virus 
infections may have significance in the early treatment of the initial stages of human 
fungal infection. 
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Chapter 6 
(Results 4) 
Curing of AfuUcV mycovirus infection and designing multiplex 
RT-PCR to detect A. fumigatus mycoviruses 
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6.1. Introduction 
Mycoviruses may alter the growth of the host (Boland, 1992). Therefore, it is crucial 
to generate isogenic lines with same genetic background to be able to investigate 
the effects of mycoviruses on the host fitness. This can be achieved either by virus 
elimination or virus transfection (van Diepeningen et al., 2006, Potgieter et al., 
2013). It is known that cycloheximide inhibits the synthesis of dsRNA in fungal hosts 
and this was first reported to eliminate the hypovirus of fungus Cryphonectria 
parasitica (formerly Endothia parasitica; Fullbright, 1984). Its ability to eliminate the 
dsRNA viruses has been showed in various fungus species such as the 
entomopathogenic fungus Beauveria bassiana (Dalzoto et al., 2006), 
phytopathogenic fungus Pseudocercospora griseola (Lima et al., 2010) and human 
pathogen A. fumigatus (Bhatti et al., 2011b). Virus-free isogenic lines of Aspergillus 
fumigatus chrysovirus and Aspergillus fumigatus tetramycovirus were constructed 
by Bhatti et al., (2011b) and by Lakkhana Kanhayuwa (unpublished data) 
respectively. Only after constructing isogenic lines, would be possible to determine 
the impact of mycoviruses on their hosts. One of the ways to quantify the effects on 
host is to assess the difference in fungal growth between virus -free and virus-
infected conditions (Chu et al., 2002; van Diepeningen et al., 2006). This can be 
done either by radial growth assay or fungal biomass measurement.  
Mycoviruses were first reported in Aspergillus foetidus (Banks et al., 1970). 
Research on dsRNA elements showed that various Aspergillus spp. were infected by 
mycoviruses (Varga et al., 1998).  
Previously, research on 61 isolates of A. fumigatus showed that none of the strains 
contained dsRNA elements (Varga et al., 1998). However, after screening more than 
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360 A. fumigatus isolates from environmental and clinical sources for the presence 
of dsRNA elements, at least three different dsRNA profiles were reported with a 
6.6% incidence (Bhatti et al., 2012). Recently, different dsRNA mycoviruses have 
been reported in A. fumigatus with an 18.6% incidence (Refos et al., 2013).  
Multiplex PCR is a version of PCR, which facilitates amplification of several different 
target sequences simultaneously. It is called multiplex reverse transcription PCR 
(RT-PCR) when the starting material is RNA instead of DNA. This technique has been 
widely used for the detection and differentiation of the viruses especially for plant 
viruses such as tobacco viruses, potato viruses and garlic viruses (Lorenzen et al., 
2006; Kumar et al., 2011, Dai et al., 2012; Majumder & Baranwal, 2014).  
 
Table 6.1. Primers used for multiplex PCR to detect virus infection in A. fumigatus 
Virus 
Primer 
ID 
Sequence 5’  3’ Tm(°C) 
Amplicon 
size (bp) 
GenBank no 
 
AfuCV 
 
MCV1F 
MCV1R 
 
TCGACACAGAAGGCGATATG 
CGCCGTTGATAAAAGTCCAT 
 
63.8 
63.6 
 
592 
 
FN178512.1 
 
AfuPV 
 
 
MPV1F 
MPV1R 
 
 
TCAGCTGGAGCCACCTTTAT 
CTCCACTTCTGAGCATCACG 
 
63.7 
63.7 
 
497 
 
FN376847.3 
 
AfuTmV-1 
 
 
MTmV1F 
MTmV1R 
 
AACCAGGACGTCGTTTCCTT 
CGAACAGTGTATTGAGGGTGTC 
 
64.7 
63.3 
 
 
328 
 
HG975302 
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The main limiting factor of a multiplex PCR could be primer design as there is a high 
possibility of mismatching in the presence of multiple primer pairs. It is also 
important to design primers pairs which should work under the same condition in 
order to amplify the targets simultaneously (Henegariu et al., 1997). Table 6.1 
shows the sequences and properties of the primers designed for multiplex RT-PCR 
in the current study. 
6.2. Aims and scope 
The objectives of this chapter were to generate a virus-free isogenic line of the A. 
fumigatus A78 isolate and optimising a rapid detection method for A. fumigatus 
mycoviruses.  In order to make a direct comparison on the effects of mycoviruses, it 
was needed to obtain virus-free isolates which have same genetic background as 
the corresponding virus-infected isolate. For rapid detection, multiplex PCR was 
developed to screen new isolates in terms of presence of A. fumigatus mycoviruses.   
6.3. Results 
6.3.1. Elimination of the dsRNA virus  
It was stated that A. fumigatus A78 isolate contains an uncharacterised dsRNA virus 
(AfuUcV; Bhatti et al., 2012). With attempt to generate a new isogenic line of A. 
fumigatus to be able to investigate the effects of AfuUcV, the A78 isolate was cured 
of virus infection using cycloheximide treatment as detailed in Section 2.5.4. 
Potentially cured cultures (isolate-15 and isolate-2B) were selected and checked for 
presence or absence of virus. From harvested mycelia, viral dsRNA was extracted 
using LiCl extraction detailed in Section 2.5.2. Extracts were then electrophoresed 
on a 1% agarose gel to confirm the loss of viral dsRNA viral as compared to the 
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uncured isolate A78. Results showed that while dsRNA was eliminated in isolate-15, 
isolate-2B still had portions of dsRNA. It was confirmed that isolate-15 was free of 
AfuUcV dsRNA and it was decided to use isolate-15 as A78-free (AfuUcV-free) for 
further research (Figure 6.1). 
6.3.2. Determining the effect of AfuUcV on the growth of A. fumigatus 
Compared to the AfuUcV-free isolate, there were marked alterations in the 
phenotype associated with virus-infection in the A. fumigatus AfuUcV-infected 
isolate, including deeper pigmentation and a uniform, sectored growth (Figure 
6.2B). To measure the impact of the uncharacterised dsRNA on the growth of the 
fungus, both radial growth and biomass measurements were performed.  
The growth rates were observed and measured over the course of 5 days on 
Aspergillus minimum media (AMM) and on Aspergillus complete media (ACM). The 
radial growth assays showed that the AfuUcV-infected A. fumigatus isolate grew 
faster than the AfuUcV-free isolate. This trend was more noticeable and maintained 
on AMM and occurred at an earlier time (Figure 6.3). In contrast, on Aspergillus 
complete media (ACM), the growth difference was noticeable only on day 4 (Figure 
6.3). Biomass measurements were not statistically significant between virus -free 
and virus-infected isogenic lines (Figure 6.4).   
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Figure 6.1. Analysis of the dsRNA profiles of A78 isolates resulting from curing the virus 
infection by treatment with cycloheximide. While Lanes 2-5 demonstrates the dsRNA 
profile of uncured A78 isolate as a positive control, Lanes 7-10 and Lanes 12-15 were the 
extractions from two different potentially cured isolates selected after cycloheximide 
treatment.  Lanes 7-10: repeats of Isolate 2B; Lanes 12-15: repeats of Isolate 15. 
Hyperladder I DNA marker was loaded into the Lanes 1, 6 and 11 to assess the fragment 
sizes of the dsRNA.  
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Figure 6.2. Comparison between virus-infected (A) and virus-free (B) isolates of A. 
fumigatus. AfuUcV was eliminated after cycloheximide treatment to generate an isogenic 
line (A and B). Equal numbers of spores were inoculated onto Aspergillus Complete 
Medium (ACM) and Aspergillus Minimal Medium (AMM) plates and the morphological 
differences such as pigmentation and sectoring were examined between these isolates for 
5 days after inoculation (A, B, C and D). 
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6.3.3. Multiplex PCR to detect mycoviruses 
Multiplex RT-PCR assay was used to detect known and characterised A. fumigatus 
mycoviruses, namely AfuCV, AfuPV-1 and AfuTmV-1, as described in Section 2.4.3.4. 
The effect of dsRNA extraction method on the efficiency of PCR was tested using 
LiCl extraction and RNeasy Plant Mini kit (Qiagen) and it was found that both gave 
the same amplicon with the same efficiency (Figure 6.5). We showed that targets of 
interest can be amplified from viral dsRNAs obtained from different procedures as 
virus purification and RNA extraction kit with the same efficiency.  
After establishing the dsRNA extraction method, primers were examined in terms of 
specificity in multiplex conditions. AfuCV, AfuPV and AfuTmV-1 dsRNAs were 
amplified in separate reactions using a mixture of multiplex primer pairs. It was 
determined that in the presence of single infection, mixtures of primer pairs can 
only amplify the virus corresponding single infection (Figure 6.6). Mixed infections 
using dual or triple combinations of dsRNA viruses were also amplified 
simultaneously using multiplex RT-PCR (Figure 6.7).  The efficiency of the multiplex 
PCR was also tested using a naturally mixed infected A. fumigatus isolate A80 which 
was naturally infected with AfuCV and AfuTmV-1 (Figure 6.8).  
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Figure 6.3. Radial growth rates of AfuUcV-free and AfuUcV-infected A. fumigatus isolates. 
Equal numbers of spores were inoculated onto Aspergillus Complete Medium (ACM) and 
Aspergillus Minimal Medium (AMM) plates and radial growth was measured daily in three 
replicate plates. The means of the colony diameters measured were plotted to observe any 
differences between the isolates on ACM and AMM plates using GraphPad Prism 6.0 
programme and P values were estimated using two-tailed Student’s t-test. Error bars were 
calculated by using the standard deviation values. P values less than 0.05 were accepted as 
statistically significant difference and illustrated by asterisk (*, **, *** mean P ≤ 0.05, 0.01 
and 0.001, respectively; n=3). 
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Figure 6.4. Biomass measurement of AfuUcV-free and AfuUcV-infected A. fumigatus 
isolates. Equal numbers of spores were inoculated into Aspergillus Complete Medium 
(ACM) and Aspergillus Minimal Medium (AMM) broth and biomass was measured daily in 
three replicates. The means of the dry weights were measured were plotted to observe any 
differences between the isolates on ACM and AMM broth. P values were estimated using 
two-tailed Student’s t-test. Error bars were calculated by using the standard deviation 
values (n=3).  
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Figure 6.5. Conventional PCR to check the amplicon sizes prior to multiplex PCR. Primers 
and amplicon sizes were checked on 1 % agarose gel prior to perform multiplex PCR for A. 
fumigatus dsRNA mycoviruses. AfuCV, AfuPV and AfuTmV-1 dsRNAs were extracted using 
LiCl extraction (Lanes 2, 4 and 6, respectively) and RNeasy Plant Mini kit (Lanes 3, 5 and 7, 
respectively) and used as templates for amplification with AfuCV, AfuPV and AfuTmV -1 
primers (2-3, 4-5, 6-7, respectively).  Hyperladder-I was used as a marker to estimate the 
size of the amplicon (Lane 1).  
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Figure 6.6. Specificity testing of multiplex RT-PCR with a mixture of three primer pairs. 
Multiplex RT-PCR was performed using all three primer pairs in single template and mixed 
template conditions. Lanes 1, 2, 3 indicate the amplicons from AfuCV, AfuPV and AfuTmV-1 
templates in the presence of mixed primers, respectively. Hyperladder-I was used as a 
marker to estimate the size of the amplicon (Lane M). 
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Figure 6.7. Simultaneous detection of A. fumigatus mycoviruses using multiplex RT-PCR.  
Mixed dsRNA combinations were used to perform multiplex RT-PCR. In lanes 1, 2 and 3, 
combinations of AfuCV and AfuPV, AfuCV and AfuTmV-1, AfuPV and AfuTmV-1 were used 
as template, respectively. In lane 4, dsRNAs belonging to three A. fumigatus mycoviruses 
were mixed and multiplex RT-PCR was performed using all three primer pairs.  Hyperladder-
I was used as a marker to estimate the size of the amplicon (Lane M).  
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Figure 6.8. Simultaneous detection of mycoviruses in an A. fumigatus isolate (A80) which 
was infected naturally by AfuCV and AfuTmV-1. In lanes 1, 2 and 3, amplicons were 
produced using AfuCV, AfuPV and AfuTmV-1 primers, respectively. In lane 4, naturally 
mixed infected A80 isolate was used as template and multiplex RT-PCR was performed 
using all three primer pairs. Lane 5 showed the negative template control. Hyperladder-I 
was used as a marker to estimate the size of the amplicon (Lane M).   
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6.4. Discussion 
The main findings of this study were as follows; 
i) AfuUcV was successfully eliminated from isolate A78 and a new virus -free 
isogenic line was generated in order to determine the effect of AfuUcV on 
growth, pathogenicity and also RNA silencing machinery of the fungus.  
ii) The AfuUcV-infected A. fumigatus isolate had a faster growth rate on 
ACM and AMM, which was more obvious on AMM as compared to the 
AfuUcV-free isolate. 
iii) No significant difference was observed in biomass measurement between 
AfuUcV-free and AfuUcV-infected isolates.  
iv) A multiplex RT-PCR method was developed to detect the A. fumigatus 
mycoviruses simultaneously. 
 
6.4.1. Curing A78 infection and determining the effect of virus on the growth of 
fungus 
Cycloheximide, a protein synthesis inhibitor, has been used to eliminate dsRNA 
mycoviruses efficiently in Aspergillus section flavi and more importantly in A. 
fumigatus (Elias & Cotty, 1996; Bhatti et al., 2011b). Alternative curing methods are 
known such as single conidial transfer, ultraviolet radiation, hyphal tip transfer, heat 
or other selection methods based on mutagenesis. However none of them proved 
to be superior to cycloheximide treatment (Elias & Cotty, 1996). It was stated that 
the viruses with multiple dsRNA elements are more resistant to cycloheximide 
treatment and only partial curing occurs by successful loss of small fragments 
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(Fullbright, 1984; Robinson & Deacon, 2002; Aoki et al., 2009). It was also proposed 
that dsRNAs lack of polyA tail might make it more susceptible to cycloheximide 
(Aoki et al., 2009). Moreover, there are examples of unsuccessful curing with 
cycloheximide in Metarhizium flavoviridae, Rosellinia necatrix and 
Pseudocercospora griseola (Martins et al., 1999; Ikeda et al., 2004; Lima et al., 
2010). Nevertheless, the efficiency of cycloheximide treatment was reported 
previously to eliminate A. fumigatus chrysovirus where the highest concentration 
was able to cure (Bhatti et al., 2011b). The result of current cycloheximide curing 
was compatible with the results obtained from previous study on A. fumigatus 
chrysovirus.   
As a common approach to preliminarily test the effects of mycovirus infection on 
fungi, radial growth and fungal biomass have been commonly measured (Chu et al., 
2002; van Diepeningen et al., 2006; Dalzato et al., 2006). With intention to test the 
impact of mycovirus on fungal pathogenicity in vivo, the hosts or model organisms 
where the fungus causes disease can be used (Bhatti et al., 2011b; Kanematsu et al.,  
2014). Current study indicated that the uncharacterised dsRNA elements has 
potential to confer mild increased virulence (hypervirulence) to the organism as the 
infected isolate was able to grow at a significantly higher rate than the line that had 
been cured. This effect was observed better on minimal media (AMM) consisting of 
intermediate nutrients rather than complete media (ACM) consisting of rich 
nutrients. This finding was in agreement with a previous study reporting that effects 
of the mycoviruses were masked under high nutrient conditions and more 
noticeable on intermediate media (van Diepeningen et al., 2006). On the other 
hand, there was no statistically significant difference observed in biomass of virus -
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free and virus-infected isolates. This could be caused by experimental design with 
nonstandard aeration or mycovirus infection could affect the fungus in different 
growth stages. Mycovirus could have impact on sporulation and radial growth and 
not have noticeable impact on mycelia formation. In order to determine the effect 
of AfuUcV on the pathogenicity of A. fumigatus, G. mellonella infection model was 
used as detailed in Chapter 5.  
6.4.2. Using multiplex RT-PCR to detect A. fumigatus mycoviruses 
There are various studies on Aspergillus mycoviruses especially the ones infecting 
the human pathogen A. fumigatus. In these studies, variable mycovirus incidences 
were reported in different A. fumigatus populations using common nucleic acid 
extraction methods (Varga et al., 1998; Bhatti et al., 2012; Refos et al., 2013). There 
is no study reported on rapid detection of Aspergillus mycoviruses except small 
scale dsRNA extraction approaches (Coenen et al., 1997). Even though virus can be 
detected with small scale dsRNA extraction method, it can be laborious where large 
numbers of samples are to be screened and when the virus is in low titre when 
sensitivity is a problem.  Conversely multiplex RT-PCR provides sensitivity and 
specificity in diagnosis of virus infection along with the other advantages such as 
being easy to perform, rapid and cost-efficient (Dai et al., 2012). Additionally, the 
method of dsRNA extraction is of great importance as it is one of the factors 
determining the efficiency of the multiplex PCR. The method developed in this 
chapter uses the dsRNA template obtained from a rapid kit extraction which also 
makes the procedure quicker and reproducible. To our knowledge, this is the first 
study reporting multiplex RT-PCR optimised for mycoviruses. However, it is only be 
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applicable to characterised viruses that have the known genomic sequence. It is also 
possible that novel mycoviruses in A. fumigatus can be missed as this method has 
only been developed based on sequence information of known A. fumigatus 
mycoviruses. In order to overcome this problem, a primer pair could be designed 
based on the conserved sequence (if there is any) of known A. fumigatus 
mycoviruses assuming that the undiscovered A. fumigatus mycoviruses also have 
this conserved sequence. This primer pair could be added to the multiplex PCR in 
order not to miss any potential novel mycoviruses. The multiplex RT-PCR assay 
developed here would be useful for the studies on determining the incidence of 
known A. fumigatus mycoviruses.  Moreover, it could be useful to detect mycovirus 
infection rapidly in order to design treatment to fungal infection as mycoviruses can 
alter the pathogenicity of fungus.  
As a conclusion, AfuUcV-free isolate was generated and used to determine the 
effect of AfuUcV on RNA silencing and pathogenicity of the fungus. While the 
effects of this virus on the pathogenicity of the fungus were investigated in Chapter 
5, its impacts on silencing-related proteins and small RNA accumulation were 
studied in Chapters 3 and 4, respectively.  
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Chapter 7 
(Results 5) 
Studies on Aspergillus foetidus slow virus complex and Aspergillus 
fumigatus tetramycovirus-1
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7.1. Introduction  
7.1.1. Mycoviruses of Aspergillus foetidus  
Aspergillus foetidus is a filamentous fungus and a member of black Aspergilli 
(Aspergillus section Nigri) which consist of a group of biotechnologically important 
fungi used in the food and fermentation industries (Varga et al., 2011). According to 
the last updated taxonomy, A. foetidus is an invalid old name which is currently 
accepted as a synonym of Aspergillus niger based on the molecular properties of 
the fungi (Houbraken et al., 2014).  
Virus infection of A. foetidus was first reported over 40 years ago (Banks et al., 
1970). After the discovery of virus particles in Penicillium, a number of fungi 
including A. niger and A. foetidus were screened and also found to be infected with 
virus particles (Border et al., 1972). It was shown that A. foetidus strain IMI-41871 
contained at least six dsRNAs which were encapsidated separately. Estimates of the 
molecular weights of the RNAs isolated from the virions suggested the presence of 
at least six species of dsRNA in at least two types of virions (Ratti & Buck, 1972).  
With the help of improved purification methods, the virus was found to contain at 
least two types of icosahedral virions, nominated A. foetidus virus-fast (AfV-F) and 
AfV-slow (-S), based on their relative electrophoretic mobilities (Ratti & Buck, 1972). 
Subsequently a seventh faster migrating small dsRNA was discovered associated 
with AfV-S (Buck & Ratti, 1975). 
The dsRNA genome of A. foetidus fast virus (AfV-F) is tetra-segmented (Figure 7.1). 
Plus strands of each of these four segments have polyadenylated 3’ ends unl ike 
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negative strands (Kozlakidis et al., 2013a). It has been shown that multiple RNA 
components are not fragments of a single virus particle, rather each of them are 
separately encapsidated (Ratti & Buck, 1972). 
All four segments have recently been sequenced and characterised. The sizes of 
dsRNA elements of AfV-F are ca. 3.6 kbp, 2.8 kbp, 2.5 kbp and 2.0 kbp. Each of four 
dsRNA encodes a single ORF which in the case of dsRNA 1 is a RNA dependent RNA 
polymerase (RdRP; Kozlakidis et al., 2013a).  The genome organisation of the 
quadripartite dsRNA virus is shown in Figure 7.2. AfV-F virus cannot be classified 
into an existing dsRNA mycovirus family as it has significant differences in terms of 
genomic structure and organisations. Due to these differences it has  been proposed 
to classify AfV-F into a novel genus (Alternavirus) along with Alternaria alternata 
virus 1 which has a similar genomic organisation (Kozlakidis et al., 2013a).  
The A. foetidus slow virus complex is a mixture of two different viruses referred to 
A. foetidus slow virus-1 (AfV-S1) and A. foetidus slow virus-2 (AfV-S2) (Kozlakidis et 
al., 2013b). The larger virus of this complex, namely AfV-S1, is a unipartitite virus of 
5.2 kbp encapsidated dsRNA. The complete nucleotide sequence of AfV-S1 has been 
characterised and it has been revealed that AfV-S1 is a totivirus, a member of the 
genus Victorivirus (Kozlakidis et al., 2013b). The genome of AfV-S1 includes two 
ORFs encoding an RdRP and a coat protein (CP), which is shown in Figure 7.3. The 
other virus from the A. foetidus virus complex is a non-segmented dsRNA virus 
nominated as AfV-S2 which is considered a satellite RNA or virus (Kozlakidis et al., 
2013c). 
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7.1.2. Aspergillus fumigatus tetramycovirus-1 (AfuTmV-1) 
An uncharacterised virus of A. fumigatus was first described by Bhatti et al. (2012). 
This mycovirus was the most prevalent one amongst mycovirus-infected A. 
fumigatus isolates examined and more importantly it was shown that the 
sequenced wild type A. fumigatus isolate (Af293) was also infected with a similar 
uncharacterised mycovirus. The name of the strain that is used in this 
characterisation study is the NK-infected A. fumigatus isolate. The virus has been 
nominated Aspergillus fumigatus tetramycovirus-1 (AfuTmV-1) and has a dsRNA 
genome consisting of four elements with sizes ranging between 1.0-2.5 kbp as 
shown in Figure 7.7A. 
7.2. Aims and scope 
The aims of this chapter were as follows: 
(i) Determine the source of the small fragment (0.5 kbp) of the AfV 
complex.  
(ii) Investigate the homology of the viral proteins in order to prove that AfV-
S1 and AfV-S2 are distinct viruses. 
(iii) Generate clones to initiate full molecular characterisation of the dsRNA 
genome of AfuTmV-1. 
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7.3. Results 
7.3.1. Profiles of Aspergillus foetidus mycoviruses 
The dsRNA profiles of AfV-F, AfV-S1 and AfV-S2 were visualised on agarose gel 
(Figure 7.3). AfV-F is a quadripartite dsRNA virus meaning that it has four separately 
encapsidated dsRNAs. Whereas the AfV-S virus complex contains two viruses 
nominated AfV-S1 and AfV-S2. As seen in the Figure 7.3, a 0.5 kbp fragment of AfV-S 
was observed successfully following gel extraction of faint bands. This concentrated 
0.5 kbp band was kept in order to test its homology with AfV-S1 and AfV-S2 by 
northern blotting. 
7.3.2. Northern blotting of the A. foetidus slow virus 0.5 kbp fragment   
Northern blotting experiments were performed to investigate the homology 
between the 0.5 kbp fragment and either AfV-S1 or AfV-S2. RT-PCR amplification of 
AfV-S elements was performed as described in Section 2.4.5.1 with oligonucleotide 
primers designed to amplify fragments from AfV-S1 and AfV-S2 in order to make 
probes in order to detect the AfV-S 0.5 kbp element (Table 7.1). Regions of interest 
from AfV-S1 and AfV-S2 were successfully amplified as described above (Figure 
7.4A). Following cloning of these PCR amplicons, recombinant colonies containing 
correctly sized inserts were sequenced and those with the correct sequence (Figure 
7.4B) used to construct probes. 
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Figure 7.3. Agarose gel electrophoresis of A. foetidus virus dsRNAs nominated as 
Aspergillus foetidus virus slow (AfV-S; Lane 1) and Aspergillus foetidus virus fast (AfV-F; 
Lane 2). Hyperladder-I (Bioline) was loaded as a DNA marker (Lane M). The 0.5 kbp 
fragment in the AfV-S dsRNA was extracted from excised gel and concentrated using the 
BIO-101 RNaid gel extraction kit (Q-BIO gene) according to the manufacturer’s protocol.  
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Table 7.1. Oligonucleotide primer sequences and PCR amplification conditions for 
AfV-S. 
Product Primers 
 
PCR conditions Product 
size 
 
 
AfV-S1 
 
 
 
F-5’- GCTGCTGAAAATGGTGTCAA-3’ 
R-5’- CCATGAAGTCAGTCCCGTTT-3’ 
 
 
95°C                        10min 
95°C                        30sec 
60°C - 47°C            45sec           13 cycles 
72°C                        2min 
95°C                        30sec 
47°C                        45sec           18cycles 
72°C                        2min 
72°C                        2min 
 
 
297bp 
 
 
AfV-S2 
 
 
F-5’- GTACCTGGTGATTGGCCTTG-3’ 
R-5’- TTTTCTTGGCTGGGGTTTTA-3’ 
 
 
605bp 
 
 
Successful transcription was achieved after many optimisation steps. The most 
crucial step was to use the correct restriction enzyme to linearize the recombinant 
plasmids. Here the aim was to leave either blunt ended or 5’ overhang ended 
plasmid DNA in order to make the region recognisable by T7 polymerase.  The sizes 
of the in vitro transcribed RNA fragments were compared to the PCR amplicons 
(Figure 7.4A) and it was shown that the RNA transcripts were identical in size to the 
PCR amplicons (Figure 7.4B). In order to eliminate plasmid DNA, transcribed RNAs 
were treated with DNase I, as shown (Figure 7.4C). The insensitivity of the products 
to DNase confirmed the products as being true RNA transcripts. 
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AfV-S1 and AfV-S2 dsRNAs were blotted onto membrane, hybridised with the 
corresponding synthesised probes, developed and exposed as described in Section 
2.3.3. As shown in Figure 7.5 AfV-S1 (A) and AfV-S2 (B) were successfully detected 
with respectively the S1 and S2 probes. However the 0.5 kbp fragment did not 
hybridise with either of these probes suggesting that its sequence is unrelated to 
AfV-S1 and AfV-S2.  
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Figure 7.5.  Northern blotting to detect potential homology between the 0.5kbp dsRNA 
and either AfV-S1 or AfV-S2. The AfV-S dsRNA complex was electrophoretically separated 
on a 1% agarose gel and following chemical denaturation and the dsRNAs were transferred 
onto Hybond-N membrane (Amersham). Membranes were hybridised with RNA probes 
overnight at 68°C and bands were detected using the LAS-3000 imaging system (Fujifilm). 
Lane M presents the ladder, of which some bands are invisible due to lack of hybridisation 
and highlighted with grey. Lanes 1 and 2 contain AfV-S1 and AfV-S2 dsRNA, respectively. 
253 
 
7.3.3. Peptide mass fingerprinting comparison of AfV-S1 and AfV-S2 
With the help of peptide mass fingerprinting, AfV-S1 and AfV-S2 were compared to 
determine any potential similarity between the viral coat proteins in order to 
determine if AfV-S2 is unencapsidated. The AfV-S1 coat protein band was excised 
from a poly acrylamide gel (Figure 7.6A) and digested with trypsin as described in 
Section 2.5.5. Mass spectrometry results consisting of 10 amino acid masses were 
analysed using Mascot programme. The report of the result can be found at Mascot 
search engine website using the link given below:  
http://www.matrixscience.com/cgi/master_results.pl?file=../data/20121203/FtEtCb
eOS.dat.  
Approximately 40 masses (432 amino acids) of the analysed protein obtained from 
peptide mass fingerprinting matched the AfV-S1 coat protein sequence with 
coverage of 60% (P < 0.05; Figure 7.6B). However, only 6 masses (63 amino acids) 
from the fingerprinting results matched the sequence of the s ingle polypeptide 
predicted from the AfV-S2 genome sequence (Figure 7.6C). Two of these masses 
were suspected as being false positives and the remaining ones were insufficiently 
related to the AfV-S2 polypeptide. The conclusion of this analysis is that the gel 
band contains the AfV-S1 coat protein and no detectable levels of the AfV-S2 
polypeptide. 
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7.3.4. Generation of the first cDNA clones of AfuTmV-1 
Initial cloning of the genome of the Aspergillus fumigatus uncharacterised virus NK 
isolate used LiCl purified dsRNA (Section 2.5.2; Figure 7.7A) as  the template for the 
construction of a cDNA library according to the Froussard procedure (Section 2.5.3). 
The cDNA amplicons obtained shown in Figure 7.7B were cloned and selected 
recombinants (Figures 7.7C, D) were sequenced (Section 2.4.5.1). Sequence analysis 
revealed that the clones were the first sequence information obtained for the now 
fully characterised tetramycovirus, AfuTmV-1 (Kanhayuwa unpublished results) and 
were derived from the dsRNA 4 element (Figure 7.8). This sequence data represents 
approximately 68% of the complete sequence of dsRNA 4 (EMBL database accession 
number HG975305).  
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Figure 7.7. Production of cDNA clones of Aspergillus fumigatus tetramycovirus-1 dsRNA. 
(A) Profile of LiCl extracted AfuTmV-1 dsRNA. (B) Representative cDNA library constructed 
from AfuTmV-1 dsRNA using Froussard degenerate primers. (C) and (D) respectively show 
recombinant AfuTmV-1 cDNA clones (Clone-16) and after gel extraction of amplicons 
(Clone-24). Nucleic acids were visualised throughout in 1% agarose gels stained with EtBr. 
Hyperladder-I (Bioline) was used as a molecular marker and red arrows indicates the inserts 
of interest.  
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Figure 7.8. Alignment of sequencing results. Sequenced clones 16 and 24 were identical 
and the combined sequence of these two clones represented ca. 68% of the AfuTmV-1 
dsRNA 4 sequence. Alignment was performed using MultAlin sequence alignment 
programme (Corpet, 1988). 
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7.4. Discussion 
Main results from the studies conducted on Aspergillus mycoviruses in this chapter 
are as follows: 
1. The 0.5 kbp dsRNA element of the Aspergillus foetidus slow virus complex 
shares no significant sequence identity with either AfV-S1 or AfV-S2. 
2. The protein present in the Aspergillus foetidus slow virus complex is the 
coat protein of AfV-S1 and is not associated with AfV-S2. 
3. The Froussard procedure, which uses degenerate primers, was used to 
generate the first cDNA clones of AfuTmV-1 (formerly an uncharacterised 
virus) dsRNA 4.  
7.4.1. Technical aspects of generating first clones of AfuTmV-1 
The procedure used here to construct cDNA libraries of a dsRNA mycovirus was 
used previously to identify retrovirus sequences which were present in low 
amounts (Froussard, 1992). Another advantage of this procedure is the universal 
primers which facilitate generating clones representative of the whole dsRNA 
genome (Froussard, 1993). Here this procedure was slightly modified to ensure 
complete denaturation of dsRNA. In most cases, the denaturation step is crucial to 
generate successful template for primers to bind. As the secondary structure of 
dsRNA is resistant to denaturation as compared to ssRNA, heating is not sufficient 
to denature the dsRNAs. Instead, methyl mercuric hydroxide is preferred and its 
superiority was shown with difficult to clone dsRNAs derived from several plant 
viruses (Tzanetakis et al., 2005). The efficiencies of heat and methyl mercuric 
hydroxide denaturation on dsRNA mycoviruses were also tested on a selection of 
259 
 
our A. fumigatus mycoviruses and it was found that dsRNA was resistant to heat but 
not methyl mercuric hydroxide. Therefore, methyl mercuric hydroxide was used to 
denature dsRNA. With this modified method, we showed how the combination of 
chemical denaturation and universal Froussard primers facilitated cDNA library 
construction from a problematic dsRNA template. 
7.4.2. Origin of the AfV-S small fragment  
The origin of the 0.5 kbp fragment was investigated using northern blotting where 
homology was assessed with complementary RNA probes. The specificity of the 
RNA probes and the efficiency of the hybridisation are well-defined in mycovirus 
taxonomy and evolutionary research (Jiang & Ghabrial, 2004; Liu et al., 2012). This 
approach is also widely in use to determine alterations in mycovirus replication 
which can result in variations in banding pattern under different physical conditions 
(Chu et al., 2002; Kwon et al., 2007). In this context, it was aimed to reveal the 
origin of the small fragment if it had any homology between either AfV-S1 or AfV-
S2. As the results indicated that none of the probes from AfV-S1 or AfV-S2 
hybridised with the 0.5 kbp fragment, it can be stated that no detectable homology 
was revealed by using northern blotting.  
Satellite viruses or RNAs are well known in plant and fungus viruses (Chiba et al., 
2013a; Nibert et al., 2014). In Partitiviridae, a third dsRNA fragment which is 
considered to be a satellite virus can encode coat protein and replicate in the 
presence of RdRP of a helper virus. There are also examples of protein-encoding 
RNA satellites in both the Partitiviridae and Totiviridae, families which encode 
highly basic proteins not homologous to the other dsRNA elements of the main 
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virus (Rodriguez-Cousino et al., 2013; Nibert et al., 2014). It was also reported that 
Penicillium stoloniferum virus F contains satellite RNA which possesses no sequence 
homology to the other two segments (Kim et al., 2005, Tang et al., 2010). 
The potential satellite RNA of AfV-S investigated here showed no sequence 
homology with AfV-S1 or -2. Therefore, cloning and characterisation of this 
fragment could be useful to identify the origin and function of the 0.5 kbp fragment. 
It would be useful to identify whether it has characteristics such as encoding a 
highly basic protein as some other satellite RNAs do (Nibert et al., 2014).  
7.4.3. Peptide mass fingerprinting for AfV-S elements 
AfV-S2 is a dsRNA comprising 3634 bp potentially encoding a polypeptide with 
significant homology to an RdRP but with no similarity to any known capsid protein 
sequence (Kozlakidis et al., 2013c). Peptide mass fingerprinting results showed that 
40 masses (60%) of the only protein found associated with the AfV slow virus 
complex were derived from the AfV-S1 coat protein whereas only 6 masses 
matched the AfV-S2 polypeptide. This result suggests that AfV-S2 might be a 
satellite element packaged together with AfV-S1 by the AfV-S1 CP. Since AfV-S2 
encodes an RdRP, it might be considered as satellite virus which requires its own 
RdRP to replicate but is encapsidated by the AfV-S1 coat protein. However 
functional activity of the AfV-S2 RdRP has not been reported and the putative 
protein may not be involved in replication at all and be dependent on for its 
replication on AfV-S1 RdRP making AfV-S2 a satellite RNA. On the contrary, AfV-S2 
could self-replicate and be a novel representative of an uncapsidated, 
unconventional mycovirus (Kozlakidis, et al., 2013c).  
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Chapter 8 
General conclusions and future prospects 
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In the current study, the sRNAome and also the pathogenicity of four mycovirus -
free and virus-infected A. fumigatus isolates were analysed. As differences in 
phenotype such as pigmentation and growth rate were noted between virus -free 
and virus-infected isogenic lines, it was considered that A. fumigatus dsRNA 
mycoviruses can affect gene expression via RNA silencing and can also affect 
pathogenicity. The work presented here inputs wide range information on sRNA 
profiles of A. fumigatus mycoviruses while giving preliminary data about milRNAs 
and possible targets of the sRNAs. However the interactions between mycoviruses 
and A. fumigatus are still unclear (Figure 8.1). Given the widespread, persistent and 
cryptic nature of A. fumigatus mycovirus infections, the potential effect of 
mycovirus-derived sRNAs on fungal gene expression deserves further investigation. 
Therefore, current findings can be widened with the help of degradome sequencing 
which is a combination of 5’ RACE and next generation sequencing and has recently 
been used in the identification of cleaved genes targeted by sRNAs (Addo-Quaye et 
al., 2008). It is also essential to reveal the A. fumigatus RNA silencing mechanism 
and key components using gene knock-outs. In order to better understand the 
effect of mycoviruses on the gene expression regardless of RNA silencing, additional 
investigations such as microarray or mRNA sequencing should also be considered. 
The reason for the observed phenotypic changes could be independent of the RNA 
silencing machinery or it could still be related. Mycoviruses can alter expression of 
the genes due to changing host’s stress or other physical conditions. Therefore, in 
the future it might be useful to perform mRNA sequencing to identify any 
differentially expressed genes during virus infection. 
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Figure 8.1. Possible interactions between A. fumigatus and mycoviruses. The response to 
the virus infection appears to be mediated through RNA silencing both in terms of vsiRNAs 
which was confirmed by the virus presence plots, northern hybridisation and in terms of A. 
fumigatus response to virus infection, which was confirmed by the DE sRNA loci in virus-
free and virus-infected conditions. However it is still unclear if any of A. fumigatus 
mycoviruses encodes RNA silencing suppressors or if any of virus-derived sRNA targets host 
genes plus any potential roles of transposons in the A. fumigatus RNA silencing mechanism 
(adopted from Carl et al., 2013).  
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On the other hand, it has been reported that plant viruses can express proteins 
which suppress RNA silencing (Silhavy & Burgyan, 2004). It has been also 
demonstrated that mycoviruses encode suppressor proteins against fungal RNA 
silencing machinery (Segers et al., 2006). RNA silencing suppressors have not been 
reported in A. fumigatus mycoviruses however it could be further investigated as it 
been suggested previously for Aspergillus mycovirus (Hammond et al., 2008b). 
It is essential to reveal the effects of A. fumigatus mycoviruses as they have the 
potential to be a part of antifungal drug design. Characterisation is also as 
important since the moderate hypervirulent effect on the host caused by the A78 
virus isolate might be useful in controlling early treatment of fungal infection.  
Therefore multiplex PCR designed and discussed in Chapter 6 could be a useful tool 
to characterise mycoviruses infection prior to treatment.  
The Galleria mellonella infections presented in the Chapter 5 are consistent with 
the study by Bhatti et al. (2011b) in terms of AfuCV infection. However here I tested 
two new A. fumigatus mycoviruses and AfuPV that have not been investigated 
before. As the results showed hypervirulence in G. mellonella, it might be essential 
to further test these mycoviruses on murine model or in cell culture. However 
reliability of G. mellonella infection model was tested by many researchers working 
different fungal or bacterial infections and also on A. fumigatus. Slater et al. (2011) 
showed that pathogenicity of A. fumigatus mutants assessed in G. mellonella 
matched with the results obtained from mice.  
Work presented in this thesis supports the hypothesis that mycoviruses have 
potential to alter host behaviour. The response to the virus infection seems to be 
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mediated through RNA silencing both in terms of vsiRNAs which was confirmed by 
the virus presence plots and northern hybridisation and in terms of A. fumigatus 
response to virus infection, which was confirmed by the DE sRNA loci in virus -free 
and virus-infected conditions. 
With the help of detailed information on A. fumigatus mycoviruses, it will be 
possible to develop tools to prevent the infectious effects of this important human 
pathogen. By constructing the first mycovirus induced gene silencing (MIGS) vector, 
it should be possible to use any of the A. fumigatus mycovirus dsRNAs as 
replication-dependent vehicles for the expression of foreign gene sequences. In 
principle, it should be possible to modify the mycoviral genome combined with a 
portion of targeted host gene, which then replicates, triggers gene silencing and 
results in sequence specific degradation of mRNA. In plants, virus -induced gene 
silencing (VIGS) has been shown to be a promising tool to study gene functions 
(Lange et al., 2013). Nevertheless previous studies reporting the limited VIGS 
application in fungi may be achieved by optimised transfection methods (Nuss, 
2011). It has recently been stated that VIGS has therapeutic potential by using plant 
viruses to silence fungal genes in the phytopathogenic fungi (Mascia et al., 2014). In 
this regard, pathogenicity of A. fumigatus can be aimed to be decreased by 
constructs targeting A. fumigatus genes involving in pathogenesis with the help of a 
MIGS system. 
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APPENDIX-I 
 
A. fumigatus genes involved in pathogenesis according to the last Gene Ontology 
information from the Aspergillus Genome Database (AspGD; Arnaud et al., 2010). * 
 
 
Gene 
name 
 
 
 
Accession number 
 
 
 
Other functions 
 
 
Reference 
 
acuD AFUA_4G13510 
 
Glyoxylate cycle, fatty acid 
catabolic process 
 
Sugui et al., 2008; 
Teutschbein et al., 
2010 
acuM AFUA_2G12330 
 
Iron acquisition, 
gluconeogenesis 
 
Liu et al., 2010 
acyA AFUA_6G08520 
 
Conidium formation, 
filamentous growth 
 
Liebmann et al., 
2003; Lafon et al., 
2006 
artA AFUA_2G03290 
 
Filamentous growth, 
spore germination 
 
Teutschbein et al., 
2010; Vodisch et 
al., 2011; Nishida, 
2012. 
aspD AFUA_1G08850 
 
Cell wall organisation, 
hyphal growth 
 
Juvvadi et al., 
2011; Gautam et 
al., 2011 
bgt1 AFUA_1G11460 
 
Cell wall organisation, 
biofilm formation 
 
Mouyna et al., 
1998; Gautam et 
al., 2011 
calA AFUA_5G09360 
Conidiation, cell wall 
integrity 
 
da Silva Ferreira et 
al., 2007; 
Steinbach et al., 
2006 
 
capA AFUA_1G12760 
 
Cell morphogenesis, 
filamentous growth 
 
 
Lafon et al., 2006 
331 
 
Table 1.2. continued 
chsB AFUA_4G04180 
 
Conidium formation, 
hyphal growth 
 
Mellado et al., 
1995 
chsF AFUA_8G05630 
 
Conidium formation, 
hyphal growth 
 
Mellado et al., 
1995 
cnaB AFUA_6G04540 
 
Cellular calcium 
homeostasis 
 
Juvvadi et al., 
2011; Oosthuizen 
et al., 2011 
cpcB AFUA_4G13170 
 
Fungal growth, regulation 
of growth rate 
 
Teutschbein et al., 
2010; Shi et al., 
2012 
crzA AFUA_1G06900 
 
Conidium formation, 
spore germination 
 
Cramer et al., 2008 
cycA AFUA_2G13110 
 
Iron ion binding, spore 
germination 
 
Grahl et al., 2012 
encA AFUA_4G00210 
 
Secondary metabolic 
process 
 
Berthier et al., 
2013 
erg24B AFUA_1G05720 
Ergosterol biosynthetic 
process 
da Silva Ferreira et 
al., 2006; Gautam 
et al., 2011; Blatzer 
et al., 2011 
erg3A AFUA_6G05140 
Oxidation-reduction 
process 
Alcazar-Fuoli et al., 
2006; Bruns et al., 
2010; Blatzer et al., 
2011 
farA AFUA_4G03960 
 
Fatty acid catabolic 
process 
 
Sugui et al., 2008; 
Soriani et al., 2010 
fks1 AFUA_6G12400 
 
Cell wall (1->3)-beta-D-
glucan biosynthetic 
process 
 
Beauvais et al., 
2001; Firon et al., 
2002; Barker et al., 
2012 
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Table 1.2. continued 
fos-1 AFUA_6G10240 
 
Cellular response to drug 
 
Clemons et al., 
2002 
ftrA AFUA_5G03800 
 
Cellular response to iron 
ion starvation 
 
Schrettl et al., 
2008; Blatzer et al., 
2011  
gel5 AFUA_8G02130 
 
Chromatin silencing, 
filamentous growth 
 
Gastebois et al., 
2010 
gpaB AFUA_1G12930 
 
Conidium formation, 
spore germination  
 
Liebmann et al., 
2003; Sugui et al., 
2008 
gprC AFUA_7G04800 
 
Colony growth, hyphal 
morphogenesis 
 
Gehrke et al., 2010 
gprD AFUA_2G12640 
 
Colony growth, hyphal 
morphogenesis 
 
Gehrke et al., 2010 
gup1 AFUA_6G02460 
 
UDP-N-acetylglucosamine 
biosynthetic process 
 
Hurtado-Guerrero 
et al., 2008 
hacA AFUA_3G04070 
 
Major regulator of the 
unfolded protein response 
 
Richie et al., 2009 
hapX AFUA_5G03920 
 
Adaptation to iron 
starvation 
 
Schrettl et al., 
2010 
hosA AFUA_2G03810 
 
Chromatin silencing at 
telomere, histone 
deacetylation 
 
Nishida et al., 2010 
hsp90 AFUA_5G04170 
 
Conidiation, cell wall 
integrity 
 
Denikus et al., 
2005; Bowyer & 
Denning, 2007; 
Lamoth et al., 2012 
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Table 1.2. continued 
ireA AFUA_1G01720 
 
Fungal type cell wall 
organisation 
 
Feng et al., 2011 
kexB AFUA_4G12970 
 
Filamentous growth, 
proteolysis 
 
Latge et al., 2009 
laeA AFUA_1G14660 
 
Secondary metabolite 
biosynthetic process 
 
Bok et al., 2005 
leu2A AFUA_1G15780 
 
Glyoxylate cycle, 
oxidation-reduction 
process 
 
Teutschbein et al., 
2010; Blatzer et al., 
2011 
MAT1-1 - 
 
Mating type-1  
 
Cheema & 
Christians, 2011 
medA AFUA_2G13260 
Conidium formation, cell 
adhesion 
Gravelat et al., 
2010; Al Abdallah 
et al., 2012 
metR AFUA_4G06530 
 
Sulfur and iron 
homeostasis 
 
 
Amich et al., 2013 
mfp AFUA_4G03900 
 
Fatty acid beta-oxidation 
 
Sugui et al., 2008 
mnt1/kre2 AFUA_5G10760 
 
Cell wall organisation, 
filamentous growth 
 
Wagener et al., 
2008 
mpkA AFUA_4G13720 
 
Hyphal growth 
 
Valiante et al., 
2008; Jain et al., 
2011  
mpkB AFUA_6G12820 
 
Spore germination, 
ascospore formation 
 
Dirr et al., 2010 
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Table 1.2. continued 
nagA AFUA_8G05020 
 
Carbohydrate metabolic 
process 
 
Bruns et al., 2010 
nrps8 AFUA_5G12730 
 
Hyphal growth, spore 
germination 
 
O’Hanlon et al., 
2011 
orlA AFUA_3G05650 
 
Cell wall organisation, 
asexual sporulation, 
hyphal growth 
 
Puttikamonkul et 
al., 2010 
ospB AFUA_6G05350 
 
Cell wall organisation, 
proteolysis 
 
da Silva Ferreira et 
al., 2006; Latge et 
al., 2009 
pabA AFUA_6G04820 
 
Para-aminobenzoic acid 
biosynthetic process 
 
Brown et al., 2000 
Ben-Ami et al., 
2010 
pakA AFUA_2G04680 
 
Sexual development 
regulation 
 
Yan et al., 2013 
pdeA AFUA_1G14890 
 
 
cAMP catabolic process 
 
 
Lafon et al., 2006 
pin1 AFUA_2G08550 
 
Protein folding 
 
Teutschbein et al., 
2010 
pkaC AFUA_2G12200 
 
Spore germination,  
conidium formation 
 
Oliver et al., 2002; 
Sugui et al., 2008; 
Fuller et al., 2011  
pkaR AFUA_3G10000 
 
Asexual sporulation, 
hyphal growth, cellular 
response to oxidative 
stress 
 
 
Zhao et al., 2006 
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Table 1.2. continued 
pksP AFUA_2G17600 
 
Melanin pigment 
biosynthetic process 
 
Ben-Ami et al., 
2010 
pld3 AFUA_3G05630 
 
Filamentous growth 
 
Noodeh et al., 
2012 
pmt1 AFUA_3G06450 
 
Cell wall organisation, 
conidiophore 
development 
 
Zhou et al., 2007; 
Gibbons et al., 
2012  
pmt4 AFUA_8G04500 
 
Hyphal growth 
 
Mouyna et al., 
2010 
pyrG AFUA_2G08360 
 
Filamentous growth 
 
Weidner et al., 
1998 
rasA AFUA_5G11230 
 
Asexual sporulation, 
hyphal growth 
 
Fortwendel et al., 
2012 
rasB AFUA_2G07770 
 
Hyphal growth 
 
Fortwendel et al., 
2005 
rhbA AFUA_5G05480 
 
Cellular response to 
nitrogen starvation, 
asexual sporulation 
 
Panepinto et al., 
2003 
rim8 AFUA_4G09650 
 
Filamentous growth, 
cellular response to pH 
 
Bignell, 2012 
schA AFUA_1G06400 
 
Hyphal growth, spore 
germination 
 
Lafon et al., 2006 
scw4 AFUA_6G12380 
 
Cell adhesion involved in 
biofilm formation, 
filamentous growth 
 
 
 
Mouyna et al., 
2013 
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Table 1.2. continued 
sidA AFUA_2G07680 
 
Siderophore biosynthetic 
process, iron assimilation 
 
Hissen et al., 2005; 
Ben-Ami et al., 
2010 
sidH AFUA_3G03410 
 
Cellular response to iron 
ion starvation 
 
Yasmin et al., 2012 
sidI AFUA_1G17190 
 
Cellular response to iron 
ion starvation, ferricrocin 
biosynthetic process 
 
Yasmin et al., 2012 
sod1 AFUA_5G09240 
 
Cellular zinc ion 
homeostasis, filamentous 
growth 
 
Cagas et al., 2011 
srbA AFUA_2G01260 
 
Cellular iron ion 
homeostasis, sterol 
metabolic process  
 
Willger et al., 2008 
ssk1 AFUA_5G08390 
 
Ascospore formation, 
filamentous growth 
 
Miskei et al., 2009 
tcsC AFUA_2G03560 
 
Response to fungicide, 
conidiophore 
development 
 
McCormick et al., 
2012 
tmpL AFUA_8G01222 
 
Intracellular redox 
homeostasis 
 
Kim et al., 2009a 
utr2 AFUA_2G03120 
 
Adhesion to host, cell wall 
organisation  
 
Mouyna et al., 
2013 
zrfC AFUA_4G09560 
 
Zinc ion transport 
 
Amich et al., 2014 
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Table 1.2. continued 
- 
 
AFUA_1G02040 
 
- AspGD 
- AFUA_1G03450 
 
Entry into host, 
filamentous growth 
 
AspGD 
- AFUA_1G03500 
 
Chromatin silencing, 
hyphal growth 
 
AspGD 
- AFUA_1G06100 
 
Cellular response to 
oxidative stress 
 
AspGD 
- AFUA_1G06420 
 
Cell wall organisation, 
filamentous growth 
 
AspGD 
- AFUA_1G11420 
 
Cell wall organisation 
 
AspGD 
 
- 
 
AFUA_1G11640 
 
Oxidation-reduction 
process 
 
 
AspGD 
 
- 
 
AFUA_1G012040 
 
Cell wall chitin 
biosynthetic process 
 
 
Gautam et al., 
2011 
 
- 
 
AFUA_1G12180 
 
Cellular response to drug 
 
 
AspGD 
 
- 
 
AFUA_1G13330 
 
ATP catabolic process, 
ascospore wall assembly 
 
 
AspGD 
 
 
- 
 
AFUA_1G14030 
 
Histone acetylation 
 
 
AspGD 
 
 
- 
 
AFUA_1G14950 
 
Oxidation-reduction 
process 
 
 
AspGD 
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Table 1.2. continued 
 
- 
 
AFUA_1G15520 
 
Protein folding 
 
AspGD 
 
 
- 
 
AFUA_1G16320 
 
Cell wall organisation, 
filamentous growth 
 
 
AspGD 
 
- 
 
AFUA_2G02130 
 
Glucosylceramide 
biosynthetic process 
 
 
AspGD 
 
- 
 
AFUA_2G03790 
 
Sterol metabolic process  
 
AspGD 
 
 
cdc42 
 
AFUA_2G05740 
 
GTP catabolic process 
 
Zhang et al., 2008a 
 
 
- 
 
AFUA_2G07690 
 
G2/M transition of mitotic 
cell cycle 
 
 
AspGD 
  
AFUA_2G10640 
 
Histone acetylation 
 
 
AspGD 
 
- 
 
AFUA_2G11330 
 
ATPase activity, 
filamentous growth  
 
 
AspGD 
 
- 
 
AFUA_2G17170 
 
Potassium ion transport, 
sodium ion transport 
 
 
AspGD 
 
- 
 
AFUA_3G04210 
 
Response to pH 
 
AspGD 
 
 
- 
 
AFUA_3G09360 
 
Hyphal growth 
 
AspGD 
 
 
- 
 
AFUA_3G10740 
 
GTP catabolic process, 
filamentous growth 
 
 
AspGD 
 
- 
 
AFUA_3G13120 
 
Heme biosynthetic 
process 
 
AspGD 
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Table 1.2. continued 
 
- 
 
AFUA_3G13790 
 
Cation transport, cell wall 
organisation  
 
 
AspGD 
 
- 
 
AFUA_3G13820 
 
 
Glycolipid transport 
 
AspGD 
 
- 
 
AFUA_3G14040 
 
 
RNA polymerase II 
transcription cofactor 
activity 
 
 
AspGD 
 
- 
 
AFUA_4G01070 
 
- 
 
AspGD 
 
 
- 
 
AFUA_4G06400 
 
 
Penicillin biosynthetic 
process 
 
 
AspGD 
 
- 
 
AFUA_4G06970 
 
 
Ascospore formation, 
filamentous growth 
 
 
AspGD 
 
- 
 
 
AFUA_4G07080 
 
Filamentous growth 
 
AspGD 
 
 
- 
 
AFUA_4G09660 
 
 
Filamentous growth, 
transport 
  
 
AspGD 
 
- 
 
AFUA_5G02700 
 
Transmembrane 
transport,  
cellular response to drug 
 
 
AspGD 
 
- 
 
AFUA_5G05900 
 
Conidium formation, 
hyphal growth 
 
 
AspGD 
 
- 
 
AFUA_5G07130 
 
 
Transport, filamentous 
growth  
 
 
AspGD 
 
- 
 
AFUA_5G08950 
 
GTP catabolic process  
 
AspGD 
340 
 
Table 1.2. continued 
 
- 
 
AFUA_5G09550 
 
Filamentous growth  
 
AspGD 
 
 
- 
 
AFUA_5G13340 
 
Filamentous growth, 
protein 
dephosphorylation  
 
 
AspGD 
 
 
- 
 
 
AFUA_6G04730 
 
Cellular metal ion 
homeostasis, filamentous 
growth  
 
 
Teutschbein et al., 
2010 
 
 
- 
 
 
AFUA_6G04940 
 
 
Cell septum assembly, 
filamentous growth, 
cellular response to heat 
 
 
 
AspGD 
 
- 
 
AFUA_6G05150 
 
 
Chromatin silencing 
 
 
AspGD 
 
- 
 
AFUA_6G05260 
 
 
Filamentous growth 
 
AspGD 
 
 
- 
 
 
AFUA_6G06335 
 
 
Filamentous growth, 
chromatin silencing at 
telomere 
 
 
 
AspGD 
 
- 
 
 
AFUA_6G10410 
 
Filamentous growth, 
histone catabolic process 
 
 
AspGD 
 
- 
 
AFUA_6G11470 
 
 
Cell wall organisation, 
filamentous growth 
 
 
AspGD 
 
- 
 
 
AFUA_6G12340 
 
Hyphal growth 
 
Gautam et al., 
2008 
 
- 
 
AFUA_6G13020 
 
 
Protein transport 
 
AspGD 
 
- 
 
AFUA_7G04190 
 
Filamentous growth 
 
AspGD 
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Table 1.2. continued 
 
- 
 
AFUA_8G04070 
 
 
Carbohydrate metabolic 
process, filamentous 
growth 
 
 
Sugui et al., 2008 
 
- 
 
 
AFUA_8G04100 
 
Glucosamine catabolic 
process, filamentous 
growth 
 
 
Nishida, 2012 
 
* Light shade of grey indicates the gene annotations for pathogenicity predicted based on orthology 
and dark shade of grey shows the verified gene function. 
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APPENDIX-II 
 
Nanodrop measurements of sRNAs prior to library construction. 
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APPENDIX-III 
 
Secondary structures of most abundant 3 sequences having GC at the end. 
 
 sRNA sRNA + 3’ adapter 
 
5’ adapter + sRNA + 3’ 
adapter 
A
7
8
 
AAAACCGTGTAGAGATTTCCGTTGC 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
AAACCCCTCGGAGCAGGGGGGC 
 
 
 
 
 
 
 
 
 
 
 
  
AAACCCTGTCGTGCTGGGGATAGAGC  
 
 
 
 
 
 
344 
 
C
V
 
AAAACTGGACTCGCTCTTCTGC  
 
 
 
 
AAAAGGACTGGGCCAACAAGC  
 
 
 
 
 
 
 
 
AAAATAGAAGTAGACCAGAGC  
 
 
 
 
 
 
345 
 
N
K
 
AAAAACTGGACTCGCTCTTCTGC 
 
 
 
 
AAAAGCCAAGGAGATTCAGC  
 
 
 
 
 
AAAACTGGACTCGCTCTTCTGC  
 
 
 
 
 
 
346 
 
P
V
 
AAAACCGTGTAGAGATTTCCGTTGC  
 
 
 
 
 
 
  
AAAACTGCTCTCCTCAAGGAGC  
 
 
 
 
 
 
 
 
 
 
 
 
AAAACTGGACTCGCTCTTCTGC  
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APPENDIX-IV 
 
The redundant and non-redundant reads, complexity and proportions of the 
annotation classes. 
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